. . N
Engineering Proceedings P-42 :

\AJ A \/
WAVYE IN

DYNAM
e PHENOM

m 0O -4
Z
O
Z
o
4
m
>
~

Papers presented at ference at N65_100 6'} — N65—100 75

The Pennsylvania State University
February 4t0 6, 1963

(THRU)
ACCESSION NUMBER)
-
(PAGES)

TNASA CR OR ThHX GR AD NUM3ER)

FAGILITY FORM 602

(coDE) /
ho

P
(CATECORY)

September 1963

THE PENNSYLVANIA STATE UNIVERSITY
College of Engineering

University Park, Pennsylvania

\

\ (\\»



Engineering Proceedings P-42

WAVE INTERACTION AND
DYNAMIC NONLINEAR

PHENOMENA IN PLASMAS

Papers presented at a conference at
The Pennsylvania State University
February 4 to 6, 1963

Conducted by
The Department of Electrical Engineering
and
Continuing Education

Sponsored by
The Ionosphere Research Laboratory
and
The National Aeronautics and Space Administration

Cooperating organizations
Center for Radiophysics and Space Research, Cornell University
Courant Institute of Mathematical Sciences, New Yox¥\University
Department of Electrical Engineering, University of Michigan
Electron Physics Laboratory, University of Michigan
General Electric Research Laboratory, Schenectady
Microwave Associates, Inc.
Plasma Physics Laboratory, Princeton University
RCA Laboratories, Princeton
Research Laboratory of Electronics, Chalmers University
of Technology

3

Conference chairman
Anthony J. Ferraro, Associate Professor
Department of Electrical Engineering

THE PENNSYLVANIA STATE UNIVERSITY
College of Engineering
September 1963 University Park, Pennsylvania



ORDER FROM: Engineering Publications
227 Hammond Building
The Pennsylvania State University
University Park, Pa. 16802

Checks or money orders should be payable to THE PENNSYLVANIA STATE

UNIVERSITY. If your address is in Pennsylvania, please add 5% sales
tax. We pay postage at the minimum book rate.

ii




PREFACE

Presented here, as complete papers or abstracts, are the major
contributions to a conference held at The Pennsylvania State University
in February 1963. The speakers were invited, and their lectures were
mainly concerned with the following subject areas:

I. Linearly interacting waves of physically different kinds:
A. Space-charge waves and magnetoionic-type waves
encountered in plasma amplifying devices.
B. Whistlers produced by interacting streams.

II. Nonlinearly interacting waves that are normally of the
same nature but of different frequency:
A. High power and low power waves in stationary and
streaming ionized media.
B. Parametric wave interaction as it may occur in
propagation through the solar corona.
C. Nonlinear optics of ionized media.

The conference was designed to bring together outstanding workers
in the fields of weak interactions and dynamic nonlinear phenomena in
ionized media such as the solar corona and exospheric and ionospheric
plasmas, and prominent workers engaged in developing high power micro-
wave and plasma devices. It was our hope that in sharing a discussion
of fundamental problems in plasma physics, scientists and engineers
from these related but quite different fields would recognize the possi-
bility of coordinating the two distinct bodies of literature evolving
from geophysical interests and device engineering.

The presence of Dr. O. E. H. Rydbeck as a distinguished visiting
professor of electrical engineering at this University provided the
basic motivation for the conference. His great influence is indicated
by his large contribution to this volume. Dr. A. J. Ferraro, associate
professor of electrical engineering, undertook the numerous duties of
conference chairman. The University is greatly indebted to the contrib-
utors whose work is reported herein.

It is a great pleasure to acknowledge the financial support of the
Office of Space Sciences of the National Aeronautics and Space Admin-
istration, which made the conference possible and permitted the publica-
tion of these papers.

ARTHUR H. WAYNICK, Head

Department of Electrical Engineering
and Director of

The Ionosphere Research Laboratory

University Park, Pennsylvania
June 28, 1963
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I. ELECTROMAGNETIC NONLINEAR INTERACTION AND
REFLECTION FROM A PLANE IONIZED MEDIUM™

— N65-10068

The study of the dynamic nonlinear reflection of radio waves from
ionized media has recently become a subject of practical importance,
apart from the interesting theoretical problems involved in such studies.
Rocket-borne transmitters and ionospheric topside sounders now make it
possible to generate dynamic ionospheric nonlinearities and to obtain
in situ recordings of the results produced. These experiments will
doubtless yield important ionospheric propagation information, especially
in the upper ionosphere where losses are small and nonlinear resonance
effects may be quite important.

It is the purpose of the research reported in this communication to
study the reflection properties of an isotropic ionized medium in the
presence of nonlinear effects produced in the medium by a separate, very
powerful "pump" wave of angular frequency wp. It is shown, to the first
order, that if a primary signal or probing wave of angular frequency Wy
impinges on the disturbed ionized medium at some specified angle, waves
of frequencies ), Wy + Wp s and g, - wp are returned from the layer.

The laws of reflection and refraction deduced for these waves may
be considered as typical expressions for the nonlinear optics of the
system. These relations have very interesting properties. They show,
for example, that the difference frequency wave is returned in the direc-
tion of the incident primary wave if = 20 and if the pump wave is
normally incident. Since this makes the difference frequency equal (in
magnitude) to the signal frequency, the peculiar situation arises wherein
the reflected wave direction is that of the incident primary wave.

It is furthermore shown that the sum and difference frequency waves
may be very much enhanced by 'monlinear' or parametric resonances of the
system. When conditions prevail for degenerate parametric resonance of
the difference frequency wave, the medium acts as a parametric amplifier
with the remarkable property that the amplified wave is returned in the
primary incidence direction. The energy providing this amplification
is furnished by the powerful pump wave.

The properties of the sum and difference frequency waves, also called
"secondary waves,' have likewise been investigated inside the ionized
medium. It is shown that four types of secondary waves are produced in
the medium, two of which are associated with the primary waves and two
of which exhibit the properties of "independent' electromagnetic waves.

It is waves of the latter type that leave the interaction region and are
observable from the ''outside."

*
Scientific Report No. 183, Ionosphere Research Laboratory, The
Pennsylvania State University, April 15, 1963.
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To show how the secondary waves leave the interaction region, the
theory has been extended, in approximate form, to the practically impor-
tant but now very difficult case of a slowly varying inhomogeneous medium.
When the interaction region is small, counted in pump wavelengths, the
resonance effects become much less pronounced. The smaller the primary
partial reflection, the greater the nonlinear resonance interaction.

Problems of this kind are of considerable interest in connection
with harmonic or subharmonic radio wave radiation from the solar corona.
Now that ionospheric topside sounders are available, it should be possi-
ble to check experimentally some of the results presented in this report.
It might also be worthwhile to pump-irradiate ionized meteor trails and
observe the effects of the echoes then obtained.

The results of the present investigation are of a fairly general
nature, in spite of the fact that magnetoionic effects have been excluded.
Some of the results may, in principle, find direct application in the
nonlinear laser field.

The investigations reported in this communication are presently being
extended to the nonlinear magnetoionic medium, on the basis of the dynamic
nonlinear magnetoionic theory recently published by the author (5).

2. WAVE EQUATION OF THE OSCILLATING MEDIUM

We assume that the signal or probing wave, of angular frequency Wy,
and the high power pump wave or waves producing the nonlinear oscilla-
tions have polarizations and angles of incidence upon the ionized layer,
as shown in Fig. 1.

In an earlier communication Rydbeck (1) showed that the high power

wave or waves produce a nonlinear variation ANII of the mean electron

density N , and a longitudinal electron velocity vL in the wave normal
11

di i .

rectlon.@IIP

through the medium, locked to the high power wave, and can be written as
follows (1):

These electron density and velocity fluctuations travel

AN__ = nN cos(th-fPF) (1)

II oII

L 4; cos(mpt-fp?) (2)

where wp and kP depend upon the frequency or frequencies of the high power

waves. Besides the nonlinear plasma wave (Eqs. 1 and 2), one must also
consider the linear transverse electron velocities Vo and Ve produced
X



by the high power waves. The velocities produced by this high power or
pump wave thus become

<
"
4
+
<
|

P T L T Yreosfrr, * vy sin®r,

(3)

v = v + Vv = -stin¢II + vLcoscpII
Z 2 Z P P

If vy denotes the electron velocities of the signal wave (it will

be split up in a spectrum of frequency components), its wave equation
can be written (note: B/By = 0)

2 2 2
3 d 1 5] d
&, w2, -l 2 e wu e Z (W) -0 (1)
ax?  az° c02 at? | ¥ 0 5% ¢ IIVy)
h =
where c lﬂ/uoeo and
N.; = N + AN (s)

If the Lorentz forces are taken into account, the equation of motion of
the electrons becomes (collisional friction neglected)

H -vp H ) (6)

From Maxwell's equations, Eq. 6 can be written

2 4% . e ¥y (6a)
3t d ™ dt

where

4 _ 3 d d

A vpxék + VPZ§2 (0

We notice that for a streaming medium (va/at = 0), va/at = —(eEy/m).




If we introduce

2 2 ANp 2
@ = (1+ ) = 1+ncos(w t-Kor) 8)
°11 corp N OOIII: ptFpr)] (
1T
2
00
_ IT
5 - wz (9)
°11
2 2 2 .
P 2 _ 9 + .0 _ 1 3 (electromagnetic wave (10)
e 2 2 2 2 operator for vacuum
ax o3z s ot p )
o)
a—‘g - E, (11)
the wave equation (Eq. 4) can be written (12)
a)2 w ov dv
9 4 EP 2 _ °%1r v s - °°11 Px S . Pz 9 v
ot dt e . 2 c 2 3t ox 3t oJz
0 0
In detail, Eq. 12 becomes
v v
(az+ Pxa , _faa ., 3% az)(ngw
at2 ot 9x ot 9dz Px dtax PZ otaz e
0)2 2 2
00 2
II| 3 o C ) = 0 (12a)
- — 5+ Vp Ftsx T Vp 3tsz | ¥
cO ot X

3. WAVE REFLECTION, ONLY ELECTRON DENSITY OSCILLATIONS CONSIDERED

To distinguish between the two nonlinear effects, we first study
the reflection property of the layer when the velocity fluctuations are



neglected. We assume vp = 0= VT, and disregard for the moment the fact

that these velocities, in reality, always differ from zero when AN does
so. Equation 12 now simplifies to 2

[ 5 )
i 2 = - 02 5 - 5 [1 + ncos(mpt-fp?i]} v = 0 (13)

()]
k = -2n
p C, P
“p
Kk = n e k sin¢ (1)
px c0 px P 11
“p
k = n = k COS®
pZ o P, IIp

where np is assumed to be a known function of the angular pump frequency

wp. Furthermore, we introduce the variable

Px P2 (15)
C

and assume that | can be written as

+jle t-k 1)
v = e 9 T 77 (%) (16)
q a,
where
o wzo w 2
2 .
2 - =% (1 - ___%z) T L (17)
c q o0, 4
o} Cl)q co q




in which k0 = wq/co, and wq denotes the angular frequency of an unper-

q
turbed wave with the following notations:

» = w o+ ;o = ® i.2wp , etc.

2 1-d moo
d 4+ jow a9+ 11 neos w T |77 =
2 2 2
dt 1l-n 1l-n 1
p P

where
d = n + n n = n n Cos

q q, Py q, P, q (o wllq)

= n n coshAy
qp
We next introduce
1'-dq
+jm T
q 1-np2

TT. =e Tlq

9 1
and, with
u= o t/2

p

we obtain the final (Mathieu) equation

d2

+ 0 + 20_cos 2 u)TT = 0
( du’® g 1 9
where
ho 2 1-48 2 2moo
) = q 9 and 6, = 11 1
n
Oq w 2 l-n 2’ 1 w 2 l-n
P P

(18)

(19)

(20)

(21)

(22)

(23)

(2L)



If we use the notations of Rydbeck (2), the solution to Eq. 23 can
be written, for our purposes,

n= +oo

(p +3)u '
7TQ2 - ° uq Z bq © e (25>
n

n= -0

where the amplitude coefficients are obtained from the equations

2
{[uq + j(2n+1)] + eoq bqn
+ el(bq + Db ) = 0 (n=

n-1 9h+1 =..,-2,-1,0,1,2,...) (26)

and with an accuracy sufficient for our purpose (2), p_1is obtained from
the relation q

2
e
by = -(\/eoq-l)2 4 (—21) (27)

which, for the present case, is conveniently written

8 2
g " +3(Ve  -1)q fi- [—————1—-—] = j(Ve_ -1-5 ) (28)
q 2(Ve, -1) qa Yq
q
or
wetd=iVe -5, ) (28a)
q q
That is,
+ilo t-K _7-8 o TZ—) n=+4oo
q Q uq +jnw T
- b
wq e q e (29)

10




By Eq. 26 we furthermore obtain, neglecting the second order terms

b and b ,
q+2 Q_2
)
b= 1/
97 9 1+(w/eo -8 /2)
qa Yaq
(30)
6
Y/
A3 9 1-(w/e0 -85 /2)
q Mq
When
2 91,2
QY eoq- 1)° < (7) (31)

the medium becomes unstable, and exponentially growing or evanescing
waves may result.

We find from Eq. 24 that

w w n -n _coslg
Ve :1=—‘1(2¢—E+2npq ‘1)
0 ® w P 2
q P q l-np
o /o o 5
= —g—’%[F + BB(l‘np ) - 2n n coshe (32)
l-n q P q q

If we neglect 6“ /2 in Eq. 30 (well outside the instability range), we

q
we obtain from Eq. 30

“o
= IT 1
+1 9P 27 _B(1-n_“)-2n n_cosho
-1 &P qp q

11




In the center of the instability or resonance range JGO = +1, we obtain

q
b = ¥ jb (3L)
q 9
-1
Ve s +1
0
q
which is a finite large value.

We note from Eq. 33 that the magnitude of the b coefficients
depends upon the difference in propagation angles q_l between the
signal and pump waves. Furthermore, as is_obvious + from Eq. 8, ‘
we consider only propagating pump waves (ni > 0).

The denominator in Eq. 33 is zero for

l-n 2 A
Pq = @ i PN -
q Ures 1l-n_ cos A¢
D
2 2 2
”\/mp o 1-np cos A¢g
+ n_coshe - w (35)
P L °017 (1-n_°)2
1Y
If we assume that np = 0 can be realized physically -- that the ANII
oscillations do not travel or propagate -- we find that
®
o, = (n =0) (36)
qres 2 P
which is a degenerate parametric resonance. If the pump and signal waves .
travel perpendicularly to each other, Eq. 35 assumes the simple form
5 w
® = (1-n )—éR (g = tmx/2) (37)
qres P q

It is important and interesting to note that resonance interaction
also takes place in this case. When qu =+ /2, we speak of transverse

resonance interaction; and when Ap = 0 + 17, of longitudinal resonance
interaction. a

12




Since

6 mio
EXTR] IR e =g (0 %0 ) (38)

we note that maximum exponential growth, or decay, in the instability
region is independent of the angle A@q between the waves.

Furthermore, from Eq. 35 it appears that a physical resonance is
possible only if

o0 )y 2
11 1- cos A
"p ®q

Since n® is in reality a function of both «° and w® , this condition
P I1
can not always be satisfied. If we assume (1) that nz =1- 4&%0 /mz,
I1

we find that Eq. 35 can be written

2

Lo
® 00
“q = H = 3
res Lo cos dop + w 2sin Y
OOII q |y
. ‘:1+jsinAq> (1- ___2_11)] (n 2=1- ITy  (35a)
q ® p © 2
P p

When Awq = 0 this resonance is possible, in principle, for any value of

o® . When Xp # 0 it is possible only when o = 4P , that is, when
ooII q P 00,
ni =0= nz, which is a true degenerate parametric resonance.

Finally, we find that the relative interaction bandwidth, determined
by the conditionlveo -1=4+ 91/2, approximately becomes

q
Aw mgo
res A~ IT 1
5 N S (39)
qres qres P 1- —35
"q

13



In the instability range AW , the ionized medium needs only the

res
slightest primary triggering (expressed by bq ) in order to radiate at
the (difference) frequency @ -w ., o

qres p

Next, let us consider the final field,

q=+CX)
Viot ~ § Yq (L0)
q=-x©
If we limit ourselves to the first ''sidebands' or secondary waves, that .

is, toq =0+ 1, and assume that (1)0 is the angular frequency of the

primary signal wave reaching the medium from outside (see Fig. 1 and
Eq. 18), we obtain

&
- — “o .
-3 [EF - e -k 7] +io b
\y = e [bo e
° 0
+3(w t-k_T) +j(e t+k T
b e Py b, e o +] (L1)
®+1 -1
%y
= = + - = .
-J[k+1r— ——gl(w t-k r)] rjo, b
Vo1 = © P p I:b+1 e
0
+j(wot+ip?)
thy,® +:| (L2)
-1 L J
6|'L
= = -1 — —
-J[k r- (o_t-k rﬂ tjo b
= -1 2 P 1Y -1
\1’_1 e [:b-l e
0
J(m t-kK_r)
*h_je P ] (L3)

14




If we further assume that we are sufficiently far outside any inter-
action range AW , wWe can neglect in the preceding relations and
qres LJ’q
sum up terms of equal angular frequency. For z = 0, the total field
thus becomes

+iw t -jk r -i(k, .-k )T -i(k J+k )T
= [0} [0} +71 r =1 ho}
Wtot e [bo e +b+1e +b_1e +...]
© -1 +1
+j0, .t -3(k +%x )T -jk_.F -
+e *1 [5 e ° P +b+1 e 1 *een
%4 o .
-jw -t -j(x -k )T -3k T ~
ve 1 [b e © P 4b . e Tl feoosa
°_q -1, |

In order to satisfy the boundary condition at z = 0, we must require

that
k. .sing k sing + k sing
+1 II+1 o} II0 P IIp
(L5)
k _sineg k sing - k sincpII
-1 II_1 o IIo p D

Expressed in terms of the incidence angles in medium I, these relations
assume the very simple form

. 1 . .
sing il (m081n¢I iwp51n¢I ) (46)
+1 oT p o) P
-1
Thus if ¢ =®_ , then o =Q for all & values. If @ is very
I I I I P P
Y o +1 o
-1
large and ¢1 £ 0, then.CpI -_,vl . It is particularly interesting to
p +1 p
-1
to note that ¢I nmay differ in sign from.CpI . If we assume that
+1 o
-1
sin Py = 0, Eq. 46 becomes
P
®
sin¢I = 6—§6_ sian (wI = 0) (L6a)
+1 oT p o) P
-1

15



From this relation it appears that sin @I is always smaller than
+1
sin wI , but @I behaves in an entirely different manner. If w lies
o -1
in the r o (1 + si >w > - si ]
in the range O( sin @I ) o mo(l sin @, ), then I sin @ |

> 1, and a surface wave ° +

Z (L7)

@ @ mo-w
Jl}wo-wp)t- e sine x] + o 51ncpI 1-(a—§€%6——
o] o] o] o] o] IO

e

for z = 0,is generated at the difference frequency in medium I. This
surface wave travels in the positive x direction when ® > w
o

)Y
> wo(l - sinCPI ), and in the negative x direction when wo(l + sin @, )
o o
>w > 1.
b

When wp > mo(l + sin @I ), the difference frequency wave becomes
o

w051n¢I )2
O

- N

3 - _ _Cgj o b _

JLF&O wp)t —sing; x + 1 —
0 0 o o p

:] (48)

for z = 0. Since wp > mo(l + sinQPI ), this wave leaves the medium at
o

a negative angle, in the same quadrant as the incident primary signal

wave of frequency wo. At the degenerate parametric resonance frequency

wp = 2wo and @I = *PI , a peculiar phenomenon occurs that has previously
st o
been considered by the author (3).

Figure 2, sketched for wp < wo(l - sin @, ), depicts how the three
o
characteristic waves, with frequencies wo and wo + wp, leave the pumped

ionized medium.
It should be added that if higher sidebands (that is, higher order

terms) had been considered throughout, we would have obtained the general
reflection laws

X 1 .
Slan+ = B_EHE—(QOSIan hat nwpsinwl ) (h9)

in o jol 0 P

16
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If we write Ey = (l/wo)(BW/at) from Eq. 11, the electric field -~ so
far unmatched to the incident primary field of angular frequency & --—
o

can be written

+ 4 _ s
jlo t koxx) JkOZZ
B = e b0 e
Ttot o
i _ -3k o +k_ )z
J(k+1z k z)z 1, .
+ b+1e + b_le +...]
-1 +1
. i(k +k_ )z
3w, -k, %) 3( o, *p,
®,q
te w ‘}o ©
+1
_jk+1zz
+ b e +ooc]
+10
+3(0_jt-k 4 x) -3k, -k )z
+o X w—l . o z 2
o -1
~Jk_1zz
+b e +09-] (SO)
_10

for z 2 0. If we neglect the second order terms b+1 and b_l of the wo

-1 +1

wave, we note that two different a41 and aLl waves appear in medium II.

The m+1 waves have components which, in certain frequency regions, have
-1

the properties of backward waves, as will be discussed later in this

section. Nevertheless the group velocity, if referred to wb’ is positive.

Next, let us match the interior field of Eq. 50 to the exterior
field, still neglecting the second order terms b+1 and b_l for the sake

-1 +1
of logical convenience. If the incident primary field is written

+j(mot-fo T)
E = E_e © (51)

18




remembering that Ey and aEy/BZ must be continuous at z = 0 (for each

frequency component), then b0 becomes

(o]
2k
)
i (52)
b = E —-— = E T 2
% Yo ko +ko Yo 090
o, 2z

in which To o is the primary transmission coefficient. For the reflected
’

wo component we similarly introduce the primary reflection coefficient

z
Ro,o X +k (53)

Since no waves reach the layer from the outside at the sum and dif-
ference frequencies, the relevant field components in medium I must be
written (see Fig. 2)

+j(m+1t-k x+k z)

a+1e

+j(o o t-k_

1

a_le

We therefore obtain

m:1 (bo+1+ b+1o) T %

w

w;I (b°_1+ b_lo) = a_y

iﬂ[(k +k_)b +k . b ]"-—k a
@ °, ” %41 +1Z +1O +1 ] +1
m'1[(k -k_ )b +k . b = -k a
®o z Z °1 —12 _10] '10Z -1



These relations yield

k+1 +ko +kp
i T (54)
b = -b = b
1o oa Key TRy °p1 ©»*1
o zZ
z
k +k <k
b -loz e (55)
= b = b T 55
—10 O_1 k—l +k_1 0_1 o,-1
o] Z
2
k -k -k
+1 0 9] W
= +1 Z Z Z +1
a = b = b R (56)
+1 o+1 wo k+l +k+1 o+1 mo o,*1
o Z
zZ
k—l -ko +kp ®
-1 Z Z Z -1
a, =D = b —= R (57)
-1 0y @ k'lo +k_1Z 0_q @ 0,=-1
zZ

It is interesting to note that for kp = 0 (nontraveling pump wave), these

transmission and reflection coefficients are the regular ones for a fre-
quency shifting network.

We are now in a position to write down the complete expression for
the traveling fields in media I and II. By Eq. 33 we obtain the following
results.

Medium I (z = 0):

+J(wot-ko x-k z)

(8] o]
E =E e x 2
y ¥,
+j(wot-ko x+k z)
o} o] w
+R e X z + 1
0,0 0,070,+1
2 +3(w, t-k x+k z)
w + 0 o
00y 1 . *l, Tt

w w [\]
°P 24 B(1-n %)-2n n coshg
®s p op ° (CONTINUED)

20




2
®

-1 R ®.1m °°11 1
0,0 0,=1 @ 2 ® o [ 5
P —E(l—n )-2n n_cosAg
@ P o'p e}
+j(m_1t—ko x+k0 z)
-1 -1
‘e x ..

(wo outside Awo range).
res

Medium II (z = 0):

+j(m0t-ko x-ko z) .
E =E T Je x oz, *

1 *lo

{ -3tk o )z -dk,, 2 @ wOOII
. z z z
e -T e + —

. e

@ 2
2- L£(1-n “)-2n n_cosde
®, P o'p o

_J(Koz-kpz)z —Jk_lzz
‘le - T e . N

(w outside Awo range).
° res
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FIG. 3. First order waves in medium II.
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If, finally, we introduce

2
w ®
+
| 1y ooqg 1
u+1_1 w w W A » (60)
° P 21—£(l-n }=2n n _cosAg
® P o p 0

o

and remember Eqs. 44 and 45, then Eq. 59 can also be written

+jle0 t-kX_T) o +ile t-k T)
o 0 1 P 1Y
Ey = EyoTo,o e 1+ Weqh g \/u-le

_ k1 e-j(wpt-kpr) . e+j(w+1t-k+1r)
|J.+1 0,+1u+1
-j(w_t-k .T)
+ T TR J( p -1 +e.oo
0,-1" -1 (61)

From this relation it appears that the peculiar first components

of the sum and difference frequency waves, which may appear as backward
waves, can be considered as a traveling-wave modulation of the primary
wave, The remaining sum and difference frequency waves have completely
normal characteristics; that is, they satisfy Maxwell's equations for
the unperturbed medium, and thus propagate in medium II with phase ve-
locities corresponding to their frequencies. To further illustrate the
physical properties of Egs. 60 and 61, Fig. 3 depicts in vector form the
various waves in medium II.

Let us now reexamine the resonance conditions on the basis of the
results so far obtained. It is not difficult to show that the following
relations hold:

c 2 2
5 (k+12-‘EO+T€pl ) = (1-np2)(1+\/—‘eoo> (62)
2
To (k2. ‘\2)-(1 2Y(1-ve )
=7 ey ko -k, = (1-n - eoo (63)
P
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These relations finally yield the interesting general results (0 neg-
lected)

(o]
w2 /e 2
0orq O
b = b 3 (6k)
0 o) 2 = .— |2
+1 o° k,q -|ko+kp\
2 2
/c
00 )
N II
b b5 — (65)
°_3 . 2 K 2 % -k |2
-1 0o P

which demonstrate that, as expected, the system resonances are traveling-
wave resonances (5). Hence

b ]—)oo if k+1—>t\E0+E l
o+1 P
(66)
b ® if k > |k -k
0_1}_§ -1 °© p
In these relations one must be careful to use the proper signs. Our
boundary conditions (see Fig. 3) required that k+ =k + k_ and k_1 =
tx %% X X
ko - k¥ , which means that the resonance conditions should be written
X Py
k_"_1 = ko +kp (sum frequency wave)
Z Z
(66a)
k = k <k (difference frequency wave)
-lz oz P,

At the resonance levels, the traveling-wave modulations or associated
waves with propagation exponents Eo + Ep always travel in the same direc-—

tion and with the same phase velocity as the independent sum and differ-
ence frequency waves, which thereby are excited to very large amplitudes.

The associated sum frequency wave always travels in positive z di-
rection when k  is positive. If k_ is negative and -k > k_ , this
Y p P o
z z z z
wave appears as a backward wave.

When wp < wo’ the associated difference frequency wave has the prop-

erty of a backward wave if k >k . When wp > ab, this wave appears
P o
z z
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as a backward wave only if k < k0 . In the resonance regions, there-
z z
fore, the independent sum and difference frequency waves may be generated
as forward or backward waves. To generate a forward wave at the differ-
ence frequency resonance, which in our specific case would call for
w > o, k must be larger than k
p o Pz °,

In our isotropic ionized medium, the independent waves have the
group velocities con+1, quite independent of the original modulation,

-1
which may be effected on the pump or the primary wave. The situation
is different as far as the associated waves are concerned. In our spe-
cial case, if the primary wave is modulated, we obtain ¢ n in the ko

d1rect10n If the Bump carries the modulation, we obtaln c /[n +
(dn /dw)] in the k direction. p
P

A complete discussion of the total power flow in the first order
multiwave system would necessitate the evaluation of the b+_l and b_l

-1 +1
coefficients. Interesting as this may be, it is outside the scope and
aim of the present communication.

Traveling-wave resonance coefficients quite 1like those presented
in Eqs. 64 and 65 appear also in the nonlinear magnetoionic medium (5).
The resonance interactions in this much more complicated medium will be
discussed in a later scientific report.

4. WAVE REFLECTION, BOTH ELECTRON DENSITY AND
ELECTRON VELOCITY OSCILLATIONS CONSIDERED

We must now resort to the complete wave equation, Eq. 12. Since
it cannot be transformed to a Mathieu equation, we neglect the possible
instabilities and write

v, = e

+J(mqt-qu)(
q

b +b_ e*iT4p  ™IT +...) (67)
q, q+1 Q.
where T is defined by Eq. 15.
We recall from Eq. 9 that & of Eq. 12 can be written

: 1
© " Tevwcost (68)

and put

(v)

v = v_cosQ cosT 3 V = v_8sing
P, p 11, x P

(V)COST (69)
P
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where w§¥) is the angle that the electron velocity of the pump wave makes

p
with the z axis., We have used T as the general pump wave propagation
factor, although this is not correct (1) if both linear and nonlinear
pump wave quantities are considered. The ANII and the longitudinal ve-—

locity oscillations, which are the nonlinear components of the high
power (pump) wave, generally have a T value different from that of the
transverse and linear pump wave velocity. For the sake of simplicity,
however, and since it is natural to treat separately the effects of the
former upon the probing or signal wave, we use the same T throughout and

later adjust the velocity angle @(v) and T to the relevant case under

study. IIp
Remembering that
2
wOO
e q, c 2
o]

and making use of Egs. 62, 63, and 64 in Eq. 12, retaining only the linear
n and vp terms, we obtain after some rearrangement of terms the final

relation
W D
o)
02 +7 +——L—Mocos(¢p§‘£)—wII )
00 (0) Tw 8] o)
- II o)
b = Db ( )
o+1 oO 2mowp wp 5 71
_ 2¢ —£(1-n_°)-2n n_cosAe
1 wg D op o
where

v
H = Eno S (72) ‘

v
0 phase

Comparing Eq. 71 with Eq. 33, we immediately note the important fact that

the denominator of b remains unchanged. Therefore, the electron ve-
locities of the %41 pump wave do not influence the system resonances
(to first order), -1 even though the magnitude of b depends upon
the former. “f

-1

We next study the two velocity cases separately.
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Case 1 considers only the nonlinear plasma wave. As has been shown
by Rydbeck (1), we now have

(1) 2
-1 't R(w_,w YeosT
n = '{,‘—-—“——‘—_ p’ OOII (73)
phasep/2

where vt(l)(mp/Z) is the linear transverse velocity of the pump wave

(angular frequency aﬁ/Z), v is the corresponding phase velocity

phase

p/2
[: c /(n) ], and the nonlinear plasma resonance factor is
o w
p/2
© 2
- P - 1
R(mp,mOOII) L 2.2 - > (74)
p 0011 p
Furthermore
(v) _
®11 % 911 (75)
p p
and
2p
k. = —(n) (76)
P co (L)p/2

It should be added that

v
_P = n (77)
vphase

p/2

That is, by Eq. 72,

v
Ho = 35 - i
) Vphase LR e (78)
o (pr/2
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These relations yield

»
2 414D P c
“o0 (w +® )2 (nT OSA‘po
IT
b =p 4 “p (79)
Y °s 2 mo o (
2;t 1- -
-1 np ) 2n°npcosA<pO

O

when wo # wp. From this relation it is evident that it is not permissible

to neglect the nonlinear longitudinal velocity produced by the pump wave.
The effects of ANII and vp are of the same magnitude, even though the

system resonance is not displaced. As expected, it appears that in the

case of transverse pumping, that is, whenAp0 = +7/2, the effect of ve-
locity pumping is zero,

Case 2 considers only the transverse linear pump wave velocity. We

()

now have 7 = 0 and @ =Py (£)7/2. Assuming that the primary wave

p
angular frequency now is m5’ instead of w /2 as in Case 1, we obtain

2 1
®o0 v((c)o )
b . II t°Op
041 % (0 4w )2 vphase
-1 o p P
n
o . 1
5—51nA¢0 = ; (80)
p P(1- -
tho(l np ) 2nonpcosAwo

when wp # @ . Here we note that for transverse pumping (Amo = +7/2) -~

that is, the pump wave and the signal wave crossing each other perpendic-

ularly =-- the interaction will be approximately at a maximum. For longi-
tudinal pumping, the effect is zero, as expected. Case 2 is, of course,
much more effective than Case 1, since bo is here proportional to

+1

-1
vt(l)/v instead of to (vt(l)/v h )2.

P p/2
Since vt(l)/vph is always a small quantity unless one has airborne

pump transmitters in or very near to the ionized medium, it is obvious
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that bo and bo are always extremely small in practical ionospheric
+1 -1

cases, except near system resonances, of which there could be a number

in the magnetoionic medium (5). The resonance effects naturally depend

upon the collisional losses of the electrons, which are very small in

the exosphere. A brief survey of the effects of collisional losses has

therefore been made in Section 5.

If at any mo or wp the medium becomes unstable (in our thinking we

are not now limiting ourselves as to the nature of the various n values),
only a slight triggering, for example by b0 , would cause the medium to
o
go into self-oscillations and to radiate, assuming that the pump wave
energy input overcomes the collisional losses of the system. For this
case a complete transient analysis of the system becomes necessary. It
should therefore be emphasized that our results, as expressed in Eq. 71
for example, are steady state results for a medium that is infinitely
extended from z = 0 in the positive z direction. Our present results
thus summarize infinitely extended interaction effects, what happens
after "infinite'" time. It is the purpose of Section 6 to show that
intense resonances of the type found here for the infinite homogeneous

medium are appreciably reduced, though present, in an inhomogeneous
medium.

A few remarks should be made concerning degenerate parametric reso—-
nance. Whenever np = 0 or np = n_cos Amo (the latter condition will not

be attainable for an isotropic ionized medium), the denominator of bO

-1
is zero for wp = Zwo. If we assume vertical incidence pumping (¢I = 0),
P
we note from Eq. 46a that wI = H@I . The pumped ionized medium then acts
-1 °

as a parametric amplifier, with the peculiar and interesting property that
the amplified signal (angular frequency wo) is always returned in its in-

cidence direction. The reflection medium now acts very much like a
degenerate-type reflection cavity parametric amplifier.

5. EFFECTS OF COLLISIONAL LOSSES AT SYSTEM RESONANCES

To estimate the pump power necessary to generate appreciable non-
linear resonance effects, one has to consider the effects of electronic
collisional friction at or near the resonance level. If we introduce a
constant collisional frequency v, we obtain

(02 602

2 °°11 2 °°11 (81)
= 1- . d = 1- .
| 1 o_(o_=3v)° ané n, o (& =3v)

if the medium is isotropic.
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if we also, for the sake of completeness, consider an attenuated
pump wave, we write instead of Eq. 1

AN 'kziz o —
Y = e cos(copt-kp r) (82)

o . ..
where kp indicates the real part of kp. For the difference frequency

wav=, the only one we will study in what follows, k thus has the com-

_ o . o
ponents k= + jk_ and k= . We can also express k in the loss angle
P, 25 Py z

i
6p of the pump wave, defined by the relation
0

k = k_ (1+36 8

5 p (1+38.) (83)
and obtain

kO
P 2 2

k, *® Bp 550 (cos“or; >>6p ) (8L)

i 1L, P

To make an approximate study of the influence of losses at or near
resonance, we next introduce Eqs. 81, 83, and 84 in Eq. 63. The first
order result (v2 and 62 terms neglected) for the difference frequency

wave then becomes

P
() P y.p° o) p (82)
2 o 0
moo w kp 2 w ko
-J '———%1-2— E_ 2 - 26 n° 21 - z
w W -w o PP w ¢}
® p p o k o k
(o] Oz pz
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[cos® Pr1 >> 82, cos® wII >> (v/w )2] where k denotes the z component
%z
of the real part of k o’ whlch is labeled k and so on. The resonance

value of /0 o thus becomes

o
o0
~ 5. I1 1
(\/600)res 1-j — 7 - A (85a)
P l-n
where
o] o
v mp kpz o2 w 2 o,
= @ (oo - .0 -26pnp 2 (1- 0 (BSb)
o P o© ko D00 k
2 II Pz
o2
It is to be remembered that at least for small a%o , 0n is propor-
tional to this quantity. II PP

1f we next introduce Eq. 85a in Eq. 27, and this is quite an ap~
proximation, we find that

mio
—_ II 1 2 2
(uo)res ® 2 pJ n+A (86)
0
p 1--np

By Eq. 30 we furthermore obtain

(by Vpgg = =ib, ———— (87)

0 res o
-1 o A+\AF+A2

When losses are large, bo is proportional to 1/2A. Since the order
-1
of A is v/wo, n must approach this value if one wants to obtain strong

resonance effects.
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Let us now look at the possible growth of waves in the instability
region, remembering that the discussion is highly approximate since no
transient analysis is used. By Eq. 21 we can write

AR

( )u e
v +‘] u + 2nu
m,_ = / (88)
1

ms= =00
At the resonance level this approximately yields, for its difference
frequency component,

2
Cooo
_ 11 1 A2+T]

w 2 02 -k 2z-j2u

P 1-np i ’
(ml)res ~e bole (89)
where

- l(m t-EO;) (90)
2 TP

I1f losses dominate, that is, if pumping is weak, the wave amplitude grows
with time like

2 2 02
exp ¢ W o T]/[’-l@pﬁ(l-np ):\ t

II

If A is positive, the difference frequency wave, in this very approximate
second order form, slowly grows with time. i1f A is negative, its ampli-
tude decreases with time in this approximation. But Eq. 89 cannot be
made to satisfy any stationary boundary conditions.
o° 2

For the isotropic medium, 1 - np is proportional to & o Its
II
frequency dependence, however, is a function of the type of pumping that
is used (see Cases 1 and 2 of Section 4).

If A could be made equal to zero at the resonance level, very strong
interactions would result, even if the medium is lossy. One could then
speak of complete traveling—-wave resonance interaction. If we neglect
pump wave losses, such an interaction would take place at degenerate
parametric resonance (wp = Zwo) if kg = 2kg , that is, if n? = n°®

o
Z V4 z z
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Since degenerate parametric resonance is possible in the isotropic medium
o . .
only if np = 0, we have to require pumping as described in Case 1 of

Section 4 and that @I =0 = @o, a truly degenerate case because the

P
primary pump wave frequency now is equal to wp/Z = wo. But remember

that Eq. 85b, on which we based our discussions, is valid only when
2 >> 8°% and 2 >> 8%,
cos @IIP P and cos @II o

A more detailed study of the behavior of A under resonance conditions
lies outside the scope of the present investigations. Such studies should
be especially interesting in the case of the magnetoionic medium, for
which the refractive indices vary widely with the medium parameters.

A few remarks should be made concerning the pumping power necessary
to obtain observable dynamic nonlinear interaction effects. Since n or
the equivalent velocity term in Eq. 80 has to approach the magnitude
V/wo, one finds that in the upper ionosphere, pumping according to Case

2 could be done by strong ground stations with pulse power of about 50

kw and an antenna surface of approximately (40A)°. Pumping according to
Case 1 would at present have to be done by satellite— or rocket-borne
transmitters.

6. DYNAMIC NONLINEAR REFLECTION FROM A
PUMPED INHOMOGENEOUS IONIZED MEDIUM

We finally approach the much more difficult problem of dynamic
nonlinear interactions in an inhomogeneous medium. What is the nature
of the nonlinear resonance in such a medium, and when does actual radia-
tion take place at the sum or difference frequencies?

For obvious reasons our study will be limited to a very slowly vary-
ing medium, in which partial reflections of the various waves can be
neglected in the main interaction region, where Iveo l ~ 1. We assume

o
that the electron density is zero for z = 0 and increases monotonically,
and very slowly, from this level in positive z direction. Since we will
primarily limit our study to an analysis of the difference frequency
wave, when wp > wo, and of its possible radiation in the forward or

positive z direction, we assume that kp > ko in the interaction region.
z z
It will later be shown that our results can easily be extended to the
equally important case of backward radiation, for which kp < k0 .
z z

To make our discussions more general we do not assume special rela-
tions between n , np, and the medium parameters, except that for conven-
o

ience 1 - n° is assumed to be positive and proportional to aio when
p 11
o << af,
o
°11 P
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In Fig. 4, which approximately depicts the situation, z is the
o

level of resonance interaction for the difference frequency wave. That
is,

( 'eo 2=Z =1
o} o]
Figure 4 is based on the following assumptions: & > W, k >k , and
k >k . p © P, %z
P o
X X

From Section 4 it appears to be unnecessary to take special account
of the electron velocities from the pump wave in order to make an ap~
proximate study of the interaction, since they do not influence the
resonance condition. Furthermore, since we are dealing with a slowly
varying medium, we may let the primary or signal wave have the approxi-
mate form

+jlw t- Tk _d7)
e [0} / (@]

(91)
Similarly, the electron density fluctuation may be expressed as
AN
II T —
= ncos(w_t- [ k_dr) 92)
N o'/ 5 (

For definite reasons we have not included the usual WBK coefficient
1/vkq. Rydbeck (4) has shown that in a multiwave system the WKB-type

approximations assume a very different form owing to the fact that energy
is now exchanged between a group of waves. Under these circumstances,
and since we wish to carry out only a qualitative study of the interac-
tion in an inhomogeneous medium (which actually is a very complicated
problem), the best and most adequate approximations for our present
purpose are those represented by Eqs. 91 and 92.

Neglecting terms like df  /dz, we now make use of Eq. 23, which
may be written 0011

2
d
— + 8 = «(26,cos2u)Tl (93)
du2 00)7T62 1 02
where
0= Xaw t- (7K dT) (5L)
2°p P
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I
FIG. 4. Dynamic nonlinear wave interaction in a plane

inhomogeneous ionized medium.
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If we introduce § = 261 cos 2u, and TT(Z) representing the up-going un-

perturbed primary wave as defined by 2

du‘

2
(*3* * SOQ)TTﬁz) =0 (95)

where 60 denotes 90 , the approximate solution of Eq. 93 can be written as
o

u u
, ~ (1) (1) du 1)42
) = b -
702 ° 7Toz Troz W [77‘22] sdu (96)
ulh 2- 1.12

Here bo is the amplitude of the unperturbed primary wave, and u and ug
o

must be adjusted to fit the actual physical conditions, such as that

there is no down-coming primary wave.

Since the linearly independent second solution to Eq. 95 can be
written

u
Ste) (1)
) ey [ et (97)
2

wvhere o is a constant, “J] can now be expressed in terms of two 'cou-
) . o
pling" integrals: 2

u
(1) 1.(2) 12
7—1'20 = b007To2 - Eﬁoz f[n(OZJ £du
U3

u

1.(1) 2) )
+ zTT02 rriz rrﬁz Edu (98)

ul
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If we make the approximation by writing

u
%] d
775,?’(2)"’9 Jf”ﬁ"o * (99)

which yields

a ~j2Veo (100)

the total field by Eqs. 16 and 21 becomes, in appropriate inhomogeneous
form,

u
r 23
b s +jfw t-f(TE +k_)dr +j£ 2du
o 1 +1 oD ) Z
[ v

~ &)
e

Vomby Yo * -
o Yo "o, lﬂ/—ez \/9_0_4-1

uz3 r
f Ve du_ *j[‘”-lt'_[(io"?p)ar]
- e

+J
Uz
W/eo-#l
uZ u
1 Z
,-jf 2du, -jfZ('\/ 90-1)c1uz
u
ol 1l-e 2 +2je .Q (101)
where
u
uz 2
+jj2('\/ 8, -1)du, )
Q = e du, (101a
uZ
1
and
w
- __P = .1
u, 5 np z 5 kpZZ (102)
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Relation 91 has been deduced under the assumptions that all parame-
ters vary quite slowly and that the main interaction takes place for only
the difference frequency wave. If the reverse were to take place, Eq.
101 could readily be used with the proper permutation of signs. '

If no sum and difference frequency waves impinge upon the layer
from the outside, we put u, = +j* and note from Eq. 101 that the ampli-
3
tude coefficient of the sum frequency wave gets the 'correct' value Db
+1
for the slowly varying medium (without strong interactions at any point).
Similary, we find that uz = =j%®.
1

Next we have to evaluate the integral Q in Eq. 101. To that end we
introduce the following linear approximation, which we assume to hold ’
through the main interaction region:

Vo, T 1 e[ "
6 T 1 + (u-u_ ) = 1+A(u _-u_) (103)
o du z 2 zZ 2
z Ju 0 o}
z
o}
where # is a positive quantity if we assume veo <1 for z > z- (Note:
ni is assumed to be less than 1 throughout). Furthermore, according to
our assumptions about ni, veo is a large quantity at or near the layer

boundary, where ni is assumed equal to 1. Now Q becomes a Fresnel integral

(with u_ = =j*):
1
Wz L
2 2 -/
Q = L e-jw dw = L eIV dw+-——ﬂ—e-j n/l (104)
Vi 2
+ 3o o]
where
W= _V}{(uz-uzo) (105)

That is, w is positive for z = z-

If we next make use of the asymptotic expression of the Fresnel
integral for large le values (w > 1, w < 1),

w
2 . .2
L __\/2" [e‘J nfhyy 1 g-dw +o(l2.)] (106)
VﬂW A\
o]

38




we obtain

.2
1 2V nwe™d T[/h*'je—‘]W (w>>1)

2'\/}7w

Q~

(106a)
je~I¥ (wekl)

Remembering the resonance conditions (Eq. 66) and that Eq. 45 must
hold throughout, we now obtain the following final approximate results
if we assume that wl_is large at the top and bottom of the interaction
region:

z < zo, at the bottom of the main interaction region

r
v oy e+j[m+1t-f (K +E )aF]
o "o o °, T N@;;l
r (107)

+3[w ti[(i'-i )dr
- e jl:-l ° p ]V—;]:_- (ﬁ()?(l; IW \>>1)

60-1

z > zo, at the top of the main interaction region

r
R e s I
wo-wo bo ~ P I yeo+1

0 o] o

r
) e+j[®_1t-‘/r(_ﬁo-'l?p)d;] 1

-1
0

r (108)
+j(0_st-[ Xk _ dr- x/L)
-2YF . ' J[ °-1 .} (\f€;¥1; ’wl>>1)
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It is interesting to note that the emerging difference frequency
radiation, the last term in Eq. 108, has finite amplitude when it ap-~
proaches the top of the interaction region. Apparently GfJFVEZ(BMGO/BuZ)Z 1,

the ratio between the radiated and the primary field, is a first order
measure of the nonlinear radiation efficiency.

The amplitude of the emerging independent difference frequency wave,
which is a solution of Maxwell's equation for the unperturbed medium,
thus tends to infinity, to first order, provided that

BVGO
v —0
). °

and that, at the same time, the optical width of the interaction region
at the difference frequency is so large that

a-\/eo ( )
du u -u »1
Z 1% Ztop Zbottom

The layer must be infinitely wide and |np | > 0, which agrees with our
z

original assumption that there should be no partial reflection of any

wave within the interaction region.

This throws some interesting light on our relations of Sections 3
and 4, and clearly demonstrates that they represent a stationary result,
after infinite time, for the infinitely thick homogeneous medium II.

Only a very extended and monotonically varying medium would exhibit
strong nonlinear signal pump-wave resonance interactions. The conditions
in this respect are therefore entirely the reverse of those for strong
partial reflections, which is an interesting observation. That any ‘
boundary discontinuities, like the one between media I and II in Sectioms

3 and 4, will produce sum and difference frequency radiations is, of

course, an entirely different matter.

The expression for the total phase of the radiating difference fre-
quency wave is very approximate. A more accurate phase determination,
which is outside the scope of the present communication, would require
a more stringent solution of the original wave equation for the perturbed
inhomogeneous medium. A first order ray tracing of the radiating differ-
ence frequency wave is possible, however, on the basis of our present
results.
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II. DYNAMIC NONLINEAR.EbeTROMAGNETIC WAVE PROPAGATION
AND HARMONIC RADIATION IN MAGNETOIONIC MEDIA"

1. SUMMARY

The preceding paper considered nonlinear wave interaction and its
associated wave generations, at various combination frequencies, in an
isotropic ionized medium. To make the results as general as possible,
the interaction and the nonlinear reflection laws were expressed in terms
of unspecified refractive indices. Among other things, this made it pos-—
sible to express in vector form the conditions for traveling-wave
resonance, permitting a study of the interaction between two waves that
have arbitrary and different angles of incidence upon the medium, such
as the generation of sum or difference frequency radiation. ‘

This paper extends the nonlinear propagation studies to a magneteionic
medium, the limitation being that all wave normals are assumed to be
parallel. The general theory involving arbitrary wave normals is dealt
with in the third paper of this group.

It is shown that, as expected, traveling-wave resonances occur in
the magnetoionic medium, not only between waves of the same kind (for
example, between waves of ordinary polarization) but also between waves
of opposite kinds. From the viewpoint of nonlinear interaction there
is not much difference, at least in principle, between the ordinary and
the extraordinary waves. It is also of interest that the second order
nonlinear waves are characterized by two different kinds of polarization,
which become equal only at traveling-wave resonance.

Traveling-wave resonances should be very efficient in the "topside"
ionosphere, where both losses and electron density gradients are small.
Most of them take place in regions where X > 1 - Y, in the usual notation,
which are accessible to both types of waves from a ''topside' sounder.
Interaction instabilities are likely to be strong in regions near or close
to fourth reflection level conditions, where the electron velocities be-
come very large, especially for Y = 1, and Y? = 1 - X. Parametric
harmonic pumping of cyclotron-type resonances is particularly probable,
in agreement with recent experimental results.

Under certain conditions, second harmonic or echo generation is .
possible at or near the combined fundamental and second harmonic reflec-
tion levels X = 1, 2, and 4., Similar levels can be established for the
higher harmonics.

The author believes that if future '""topside' sounders are equipped
with harmonic sweep recording devices, our knowledge of dynamic nonlinear
"topside' phenomena will be greatly extended.

%
Scientific Report No. 186, Ionosphere Research Laboratory, The
Pennsylvania State University, June 1, 1963.
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, A
The results here reported can %ld0 be used to study and evaluate

parametric amplification, or second harmonic generation, of exospheric
whistler modes.

2. ELECTRON VELOCITIES AND DIFFERENTIAL SPACE-CHARGE DENSITY OF LINEAR
MAGNETOIONIC WAVES

Let us assume thal the static magnetic field, of strength H, and
cyclotron frequency Wy is oriented with respect to the wave normal (z
direction) and the coordinate system as shown in Fig. 1.

(direction of wave
normal, angular wave
frequency ah)

FIG. 1. Orientation of the static magnetic field.

If we let E = E(;), and so forth, denote the linear field of angu-
y

q
lar frequency wq, the transverse linear electron velocities can be

written (1) as

2 og‘l)

v(l) - _ 1-nq 9y
qy Xq jmqm
l-n 2 eE(l)

v(l) - _ q U
qy Xq jwqm

where n 1s the refractive index of the wave in question, and Xq = &i/ae
q

in which @ is the angular (electronic) plasma frequency of the ionized
p
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medium. Introducing the cyclotron frequency ratio Yq = ah/wq’ its trans-
[ ]

verse and longitudinal components Y., = Yq sin Qq and YL = Y cos 6, and
and the plasma resonance factor q q
1
R = —— 5 = v/w )
a  TE -3, (6 = v/eg (2

the Appleton-Hartree expression for n° assumes the convenient form

(3)

X

q
q . 1 2 1 L, 2 P
X 1—36q- 5 YTq Rq iw//n YTq Rq + YLq

which demonstrates the influence of the transversely coupled plasma
oscillation upon the propagation of the linear wave.

The longitudinal velocity component can be written as

1 -n 2 eEél)
W)y g o ¥ (4)
q, Tq q Xq mqm

and is thus in phase with Egl) for a lossless medium. By Eq. 1, this

y
relation can also be expressed as

v = Y. R v 4
qy quqqy (42)
Consequently v(l) and v(l) are of the same order of magnitude (Y ¥ 0)
z y

except near the plasma resonance level, where Rq may be very large. 1In

this region, therefore, vgl) may give rise to appreciable nonlinear
z

effects, provided that 82 << 1, even if the transverse velocities remain
small.

The a-c space-charge density can be written (1) as

1 1

S C DR
I W S (5)
Po No Co/nq vphaseq
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where P, = —eNO, No is the mean electron density, and Co is the electro-

magnetic velocity in vacuum. By Eq. 4 we can now give Eq. 5 the alternate
and in this case important form:

Py Vg
—9 = _JYT R v_y__ (Sa)
Po q 9 Von

Thus Py is zero when YT = 0 (longitudinal propagation) and when an = 0.
q

q
Relation 5a furthermore shows that as far as the charge bunching is con-
cerned, the measure of nonlinearity is R v(l)/v , and not v(l)/v
q h q ph
y q y q
From Eq. 5 it also appears that pl /p0 may become very large for the

a
extraordinary wave (the Z component) at or very near the plasma resonance
level.

According to Egs. 1, 4, and 5 we can regard the magnetoionic wave

as composed of a transverse electromagnetic wave, represented by vgl)

() 1)

X ?
coupled to each other by the transverse magnetic field. This plasma wave
disappears when 6 = 0, and therefore does not appear in the linear theory
when the propagation is purely longitudinal. The plasma wave may become
very large at the plasma resonance level, and is physically instrumental
in producing the triple split coupling.

and v , and an associated plasma wave, represented by vil) and pl

s

In the linear magnetoionic theory we consider only the linear con-
vection current density povg%). At the plasma resonance level, however,
we may also have to consider the nonlinear term p;l)v(l), which produces
a second harmonic. The moment the ionized medium drifts, we must also
deal with the linear drift component pgl)vo, where 30 is the drift ve-

locity., Different types of waves, such as space—charge waves, may then
be generated in the medium. These are discussed in the following paper
on electron stream whistler mode interaction.

To make the linear field survey complete, we should perhaps recall

that
n n
1) - Cag(1) g0 g () (6)
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and

(1) /g(1)

= 3 = ~3iY
a S JjQ J

.  °q q L

1
X ¥ o 0 q
X X 1 2 1 L, 2 2
- §YTq qu\//LYTq R +YLq

l1-n 2

= jYL R (7)

q 2 .
1-R. n “(1-36 )
qQ Qq( &,

which is the linear (or first order) polarization ratio. The polarization

of the nonlinear field components is generally different from S(l) (see
Eq. 33 and the preceding paper). q

In the study of nonlinear effects one is naturally interested in

regions where the linear velocity fields, and for that matter also pfl)

1

generated by a high power wave such as a pump wave become very large.

(1) ()
z

1
plasma resonance level, whereas the other components remain small.

We have seen that v and p behave in this manner at or near the

It appears from our previous relation that there is another and
very important resonance level, when all velocities and the a—-c space-
charge density may become very large in a medium with small losses.
This is at or near the so-called fourth reflection level, where nz -»oo,

It is well known, as is easily verified by Eq. 3, that this ''resonance'
occurs when

Y=Y = (8)

X = X = q (88.)
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2 ~ 2
Y = 1 - X sin
Rq q ®q

which is very close to ''cyclotron resonance,' especially when Gq is small.

The latter case is especially important when one considers the excitation

of cyclotron harmonics, or near harmonics, in the ''topside' ionosphere.

Equation 9 can also be written as

2 2 2 2 2 2 2 2 2
(0 “ew,%) (0 “-0 ) = w ‘e “sin“e = o 9
q H q H p T p )
T~ ~ "
cyclotron plasma coupling
osc. term osc. term term

which shows that the fourth reflection resonance can be considered as a
transverse coupling between the plasma and cyclotron oscillations.

Let us summarize the results of this section. As far as the linear
driving forces are concerned, we have two important resonance levels in
the ionized medium:

1—Yq
X =1 and X
q ’ q 1-Yq2c0329

Besides these resonance there are, of course, nonlinear traveling-wave
resonances. These will be discussed in Section 4.

3. NONLINEAR DRIVING FORCES

If we retain the nonlinear terms in the equation of motion, we have

ng e e T X = - (T--9)v
Y._tgs 2y [(Bem x7] - (307
- -SE+a, x T+ F (10)

where 5 is the nonlinear force on the oscillating electrons. These are
assumed to have zero drift motion in the linear theory (a stationary
magnetoionic medium).
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For the moment, consider only self-nonlinearities (for example,
with a powerful primary wave). The second order force term can be
written in the instructive form

?(2) = - % grad |§(1)|2

t

+ V(l) X %url 7(1) + % E(l)dq

(11) '

. OH =
Since “Ho St S curl E, this relation can also be written as

S L L gra <2, {-\7(1)>< [cur1 (1) _ a—gill)]} (11a)

where a%f) is the a-c cyclotron frequency. This yields the following
l .
basic relation for the isotropic nonlinear medium:

72 o oL graa |H)2 (H_=0) (11b)

In this case the nonlinear force (second order) is proportional to the
gradient of the first order kinetic energy of the oscillating electrons.

If we next assume that two waves are present in the medium (g =1,

2), it can be shown (1) that 5(2) has the following components (v = 0).
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(2). 12 (2, % v(1)2+v(1)2]
P i Y Z 1-n12 Yy Xy
~
Piz)
1
2 2
18 mE R 2[}(1) ey }
202 ) %2 1-n, Y2 2
Piz)
2
X 3v(1) 3v(1)
23 [L(1),(1) 1 (1) 4 (1)
- az[vzl vz2 ] - 1-n12[ Y Vy2 + 37 Vx2
X aV(l) av(l)
) 2 Yo (1), %2 (1)
2| 3z Vo Y3 V"
1-1’12 yl 2 Xl
(2)
P 12
212 (12)
(1) 3vil)
ov
X y
(2) _ 1, _ M (. _7 ) _1,() 72 (1_ 2 )
Py ST 2 Vz1 Y (1 1_an 2z, oz 1-n22
2
1
(1) (1)
0 ov
vil) v (1 IR RGO 6 ( M
1 oz 1_n22 z, oz 1_n1
(2)
1o (13)



oV oV
p(2) L 1 (D) axl (1 5 )_%vm I )
x Z Z 2 32
1 l--nl 2 1—n2
~ —~—— 2 .
P)((2) P(2)
1 X5
(1) ) L, (1) ) |
_G() 2 (g 2 V., [, N
Zl d2 1-n 2 22 2 1-n 2
2 1
~— g g
(2)
P 14
) (14)

Complex values of the electron velocities cannot be used in these rela-
tions. The real velocity values are easily obtained from the various
field relations in the previous section.

For the ionosphere it is usually sufficient to use the second order
relations, Eqs. 12, 13, 14. 1In a physical plasma device this is not
always permissible, but the second order relations are still very useful,
since they can be applied to demonstrate how and when wave instabilities
tend to build up (see the preceding paper).

(=)

When all waves travel longitudinally,

It is important to note that the transverse nonlinear forces P

and Piz) disappear if vil) = 0.

®
there are second order nonlinear driving forces in the longitudinal or

z direction only. This case is therefore simpler to treat, but it is

much less interesting from the interaction point of view.

The 552) and P;z) terms contain the second harmonic forces, of

angular frequencies 2w and 20 , and a nonlinear static force term.
)
z
Egs. 12, 13, and 14 that there is a second order static nonlinear force
term in the y direction only. As the total direct current must be zero
in the infinite-plane medium, we must require that the mean value,

2
Since v differs in phase from vgl) by 4m/2 (v=0), it appears from
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denoted by ( ) , of the second order convection current be zero. That
is,

I S R o
5 2 2

which, by the v and pl relations of Section 2, yields

J1 2
(2) (1) 1| ¥
<vx1 > = R YT1Q1 7 _——vm:x
> 2 ;52 P 1
2
<vi2)>=(Vi2)>R1YT /Q&” (16)
1 1,1,
2 2 2

() .
SHELE
2

when v = 0. Since (vz) is always positive, the higher power wave, to
1
2

second order, pushes the medium ahead. There is no transverse drift,

and it should be noted that < V(l)>' has the same direction in the x-z
plane as the linear electron velocity.

From the second order equation of motion we next obtain (indices
1 and 2 dropped)

2wl -wL<v;2)>+<Pi2)>
2w{2h - w el o< B> {2y (17)

%(Eiz )> = m,r<v;2 )) + <P(z2 )>

51



This yields

(2)y. o - ¢r(2)
By 27 0= <Ezl >

2 2

(1) 2
e (2)y _ (1) 1 2 1 Y max
anByl ) = RyTy (T [Ql "—TTJ] TRIy 3 v 48
1 1 > 1 1 5 N 1 ph
2 2 2% 2 > I 1
2

Thus a static nonlinear electric field is generated in the y direction

only.

It has the right magnitude and direction to permit the electrons

to drift in a straight line in spite of the presence of the static
magnetic field.

Piz)/P;Z)

the nonlinear a-c convection densities in the system,

_(2)
1

a
Eéz)

which
terms.

In a system with one high power wave only,

avil) av(yl)

1
d2 oz (19)

Besides the nonlinear force on the electrons, we must also consider

- Pgi)Vgl)+9§;)7§1)+9§1)521)+p§;)7§1)-<ﬁgz}>

(20)
N R T FOACN

also contain second harmonics and sum and difference frequency
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4. NONLINEAR WAVE EQUATION

For the second order nonlinear fields, Maxwell's equations can how
be written as

b, E(2) __1E _a_[(z) ()]x

ot v
o}
2. . _ 1 3 [«(2) —(2)
Pe Ey T T at[ (21)
o y
(2) .1 il?(z)*—{u)}
at2 €q 3t L a b ’
where.
2 2 .
2 _ 1 3 4+ 9 (electromagnetic wave (22)
Pe Bo€o 822 at2 operator in vacuum)
If we introduce the additional operators
2 32 2 o
p = — 4+ (plasma oscillation
D 3t P operator)
(23)
9] 2 = p 2 + 2 (electromagnetic wave operator for
€n e p the isotropic ionized medium)

and make use of the various expressions for the P(z) components of the
previous section, we obtain (after some transformations) the following

nonlinear wave equation for v(z):
oV
(2) _ 2 2 2 "'y 2_ 2, . ”
Dvy B pp c')Lpe \l/x + Pem 3t - prem pe Wz 7Td (24)
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where

(2)
oW
2.(2) 2 “'x
Vx = P P - % ot
v = p2pl2) _ 2 o ) ;
y Pe y p ot (25)
(2)
v = 62 P(2) w2 awz
z at2 y/ P 3t
Here W}({a), W;z), and Wiz) are the x, y, and z components of
=(2) _ 1 <(2)
w T 5 ta (26)
o}
and
D = 2 2 2, 2 2 5° b o 2, 2 L
Pem | Pp Penm T Pe 3.2 L Pp Pe (27)
We furthermore obtain
(2)
v
2 %V C e 2402,
Pem ot Pe Yy ¥y (28)
2avz(z) azﬁz)
jo) — = W, —L - + \l, (29)
P ot T at2 Z
Since v(z) is also related to viz) by the following relation
2 (2) (2)
9 v av
2 2 2 2 22
+ S S X
Pp Pem "1 Pe 2 “LPp Pe Bt
ot
oV
2 2
- W A
TPe ¥,"Pp 3% (30)
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one is induced to introduce the two ''symbolic" second order polarization
ratios (compare Eq. 7)

2 2 2_ 2
(2) (pp P ton P, ]a/at
1 22 (31)
wLpp Pe
and
2
3(2) _ “1Pe (32)
1 -7 2
Pom 3/ot
By Eq. 27 it can immediately be shown that
(2) _ (2) D
S1 = 82 1l - ;:—§———§——jl (33)
L pp Pe

The two second order polarization ratios are therefore equal only when
D = 0, that is, when we have resonances in the system.

(=)

By our previous relations the wave equation for v now can be

written as

(2) 2
px 2 2,2 2] 2
ot P “em T “e at2
oV
i 2 2 OV ) "
“LPe P, 3t T OL%1Pe ¥, G

which by Egs. 31 and 32 transforms to

(2) 2 2 (2) 2 (2) %Yy
vy " = pp [“’Lpe 51 V¥x'Pen 32 'at]
2 2.(2)
T @pPep Pe S TV, (35)

This relation demonstrates the meaning of the two polarization terms:

s(2) (=)
1

applies to the nonlinear Wx forces, and Sg to the wy and wz forces.

Therefore v(z)/vgz) = sz) = S(z) when we have resonance in the system.
X 2
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The wave equation for the second order longitudinal velocity finally
becomes

3v¢2) 32y 33y
D__z.'.__=w o.)p2 72(+p2__.__3.’.
3t Tl L%e 3t em at3
a
— — ~
+ h82+(;.)2[l
pem at2 L pe Wz (36)

where it is of interest that o annihilates the longitudinal magnetoionic
modes.

From Eq. 27 we find that D can be written as

2
2
2 2( 2 “1 2 2712 3
D = — | *t
N S N A R
2
u(“T 3 2_ )
- p —_— - P (37)
e L at2 L *p
whence we symbolically obtain
2 2,,.2
w, /2 w, /2
2 2 2 2 ol 2 T 0 2
D = + = _ -
pp pp [pe 1 P 2 +mp J ot Pe 2 at2 “L
P Pp
7
D
o
Ordinary Electromagnetic Wave and Plasma Oscillation Operator ‘
2
2 2
. b 2y 21 /2 A2 - R Y /2\ 32 L 2
P e 2 p ot Pe 2 2 T L
p p ot
P P
D
X
Extraordinary Electromagnetic Wave Operator (38)
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p. D= DOD (38a)

Note that Do annihilates both an ordinary wave and a plasma oscillation

(pi = 0), whereas Dx annihilates only an extraordinary wave.

Subject to proper boundary conditions, DoDx;(z) = 0 yields the
linear transients of the system and its self-oscillations (v = 0, d/3dz =
0) X = ai/a? =14+7Y,1, and 1 - Y.

If we assume that two high power waves, represented by ;fl) and

;il), are present in the system, the nonlinear driving forces wx’ wy’

and wz may contain terms with the propagation factors

exp (2m1ti2w1n1z/co)
exp (zwzttzmznzz/co)
exp L(co1+w2)t:t(mln1+m2n2)z/co]

(39)

exp (m1+w2)ti(mlnl-wznz)z/co]

exp [(wl—mz)tt(mlnl-wznz)z/co]

exp [kwl-wz)ti(wln1+m2n2)z/co]

where n = n(w ) and n = n(®w ). It should be remembered that a primary
1 1 2 2

high power wave is defined as a "pure'' magnetoionic mode. Two different
magnetoionic modes have to be treated as two primary waves, even if their
wave frequency happens to be the same.
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According to Eq. 29 the "effective' refractive indices of the second
harmonic driving forces are Zn(aa) and 2n(w ). The effective refractive
2

indices n+ and n_ of the sum and difference frequency waves become

W n.*w,.n w._ n,to. n

I G ot i S B S i
+ 0)1+(.02 O)+
(40)
I i S5 2 ©yny F@on,
- (.01-(.02 4 (.\)_

where the upper signs correspond to the situation that both primary waves
propagate in the same direction, and the lower signs to propagation in
opposite directions.

Next let us introduce the self-explanatory operator equivalents

2 _ 2 2_ 2 _ 2 2 41
pei w, (nt 1) pem— pet-o—mp (41)
and
P 2 = W 2 - (D+2 (42)

p+ p -

Making use of these relations and Eq. 40, we can prove that the following
important relation holds,

- - 2 43
Dt P, pp T, (43)
+ *
where
P = 2 1 - 1 1 _ 1 (44)
£ P lian %0, 1-n,%) L1-n %(e)  1-n,°
o "t By “Px V%% +

This relation shows that we obtain traveling-wave resonance D = 0 in the

2 2 2 2 ;
= w = w ). Compare the precedin aper.
system when o no( +) or ny nx( f) ( 9] P g paper.)
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In principle, therefore, the nonlinear driving forces, irrespective
of the type of polarization of the high power primary waves, may excite
sum and/or difference frequency waves of either polarization. The only
factor of importance, apart from the difference in magnitude of the non-
linear driving forces in the various cases, is the traveling-wave reso-
nance, that is, equality in phase velocity and in phase velocity direction
between the excited and the exciting waves. This is a characteristic
featurc of the dynamic nonlinear magnetoionic theory.

If collisional losses had been introduced in the system, we would
have found that F+ contained the same resonance terms but now with com-

plex refractive indices. It is interesting to recall that maximum
triple split coupling occurs when [no(w) = nx(w)] X=1’ which is possible

only when collisional losses are introduced. Triple split coupling can
therefore be regarded as a kind of traveling-wave resonance in the cou-
pling region. When no(®+) &:nx(Q+), F+ and D+ must be used with great

care, since the nonlinear driving forces now could excite both an o wave
and a z wave at the same time. A detailed discussion of this complicated
resonance case lies outside the scope of the present communication.

Let us focus our attention on Eq. 24 for a moment. From the previ-

ous relations it appears that Wx =0 = wy if a& = 0. In purely longitu-

dinal propagation no second order electromagnetic waves are excited in
the system. By Eq. 27, D = pza in this case. We then find from Eq. 26

that a second order longitudinal plasma wave, determined by the relation

av(2)

pp2 - - (“’z)mT=o (wg=0) (45)

2

is excited in the system. Since 1 - n® = Xq for the isotropic medium

(wH = 0), Eq. 45 yields a very simple result in this case, and viz),
which become large when pi«—9 0, is proportional to the gradient of the

first order kinetic energy of the oscillating electrons (Ref. 1; see
also Eqs. 11b and 12). It consequently appears that no interesting
second order nonlinear interaction effects take place unless aﬁ Z 0.

The present theory is based on the limiting assumption that the
wave normals of the high power waves and the system waves are parallel.
The more general case when the wave normal directions differ by certain
specified angles will be discussed in the following paper. One finds
that Eq. 40 holds, provided it is written in vector form. (See also
the preceding paper.) If the medium is stratified in the z direction,

then ﬁl, n, n, and n_ in Eq. 40 "simply" have to be replaced by their
5 .

Z components.
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5. GENERATION OF SUM AND DIFFERENCE FREQUENCY WAVES

From Eqs. 30 and 44 it appears that intense sum and difference
frequency waves will be excited in the magnetoionic medium if (a) the
high power or pump waves experience a medium resonance, that is, if

Xl =1 or Yj = Yi (Eq. 8); or (b) if there is traveling-wave resonance
2 2 1

2 2 2 2
i i i = w .
in the medium, that is, nt no(a%) or nx( f) If both (a) and (b)
happen at the same time, which is possible, one can expect extra-strong

excitation of the resonant waves.

For the homogeneous medium the associated sum and difference fre-
quency waves (for nomenclature see also the preceding paper) are easily
obtained from Eq. 30 when Wx’ 1J;y, and qu have been evaluated by means .

of the various relations of Sections 2 and 3. When the medium is not
homogeneous, which is the physically important case, the problem is more
difficult. What we wish to determine is not only the amplitude and phase
of the associated waves, but also the same quantities for the radiating
sum and difference frequency waves.

It is possible, however, to obtain an approximate but useful solu-
tion if the medium parameters vary so slowly that partial reflection

can be neglected. To that end we proceed as follows.

It can easily be verified that D, can be written

T
2 2 2 2 2 2
© - W - -® W 2 2
+ + H T p L | d 2 d .
D, = - \—F = c +k || —5*k (46)
* oa2-002 ° dz2 o: dz Xi
+ p
N —~
B
@ @y
where ko+ = E; no(aE) and kx+ = Z; nx(@t). The factor B preceding the

operatorg is zero at the fourth reflection point (Eg. 9) for an "inde-
pendent’ sum or difference frequency wave.

Let us assume, in order to study the radiation of the difference
frequency wave only (the procedure to obtain the sum frequency wave 1is
quite analogous), that 1Td of Eq. 24 can be written

“_ z

+J'[“’_t- — [ n(w )dz]
c -
) Z

R a

g z

*j(w_t—f k_dz)
2
e b e a (47)
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where k_l is considered to be positive, that is, the nonlinear driving

force travels in the positive z direction. The driving force amplitude
bo is assumed to vary so slowly that it can be regarded as constant in

the main interaction tregion. (Note: Resonances of the driving force,
X.l =1 or Yf = Y; , are assumed not to appear within the traveling-wave

2 2 1
2

resonance region.) Furthermore, we assume that resonance takes place
between the driving (nonlinear) wave and the extraordinary wave of the
system, and that ko # kX ; that is, we avoid the triple split region.

At some medium level z = z traveling-wave resonance takes place.

For the very slowly varying medium we therefore write

kyhe T #(z-2 ) (48)

which we assume to hold within the main interaction region zo - zm/2 to

z + zm/2, where z is the width of the region.
If we next assert that z, is so large that
+
Z, zm/2

vl 1 LR (49)

-2
z'O m

and make use of the asymptotic properties of the Fresnel integral (see
the preceding paper) the first order solutions to Eq. 24 become

Z
+jo_t -3 J/. k ,dz
(2) ~ by © 2o 1
Yy T A S S Fl (50)
y -
ﬁ(ko_ -k _ )(kx_ k_“)
when z Nz T zm/Z, and
+jo_t
¢ (2) ~ b, © ”
T Bk, 2ok Ok 2k )
2 VA
-J[k_ldz -j(/kx dz- 'LT)
. 2 n z -
R AV i T (51)




when z ~ zo + zm/2. At the bottom of the interaction region we have

only one "associated' wave, which is not an independent or radiating
wave, since it does not satisfy Maxwell's equations for the unperturbed
magnetoionic medium. At the top of the interaction region, z ~ oz + zm/Z,

we still obtain the same associated wave but also an "independent' radi-
ating wave

[‘Z
exp [:j(co_t) "] k dz]
2, -1

which is a solution of Maxwell's equations, at the difference frequency,
for the unperturbed magnetoionic medium. We can regard the amplitude
ratio |(k_ ~ kX ) VZWZHI between these two waves as a measure of the

radiation efficzency at the difference frequency.

Since by Eq. 51 the amplitude of the radiating wave varies as
N21m/4f , we note that only a small gradient of the refractive index dif-
ference is required in order to generate a strong difference frequency
radiation. Since wml of Eq. 49 must also be large, a very wide medium

is required at the same time. If |&f| — 0, then zm must —>» ® so fast
that Eq. 49 holds. Therefore, to first order, instabilities develop

only in a very extended interaction region.

Relation 51 can be used to evaluate the first order second harmonic
radiation of a high power primary wave. According to the previous re-
lations, this takes place at the levels where

n?(w) = n02(2w) or n?(w) = n}f(z@) (52)

Here n(w) is the refractive index of the high power wave and can have
index x or o, as the situation may be.

Next let us investigate the possibilities of second harmonic travel-
ing-wave resonances according to Eq. 52. We immediately find that in the
longitudinal case YT = 0,

w
2 2 X 2, 2y . L
n_ (c~>)=nx (2w)=1+ 5 (X=wp [w), if YL=_w=3 (53)
2
I.° = 0
2 2 > S “1
n, (w)=nx (2w)=1- 3 5 if YL=T= (54)
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These resonances are particularly interesting because they hold for
any X value and are therefore likely to generate strong second harmonics

when Y; = 0, in spite of the fact that the nonlinear driving forces must
be of the third order. The case of Eq. 54 corresponds to "cyclotron

resonance' and should be observable, for example by "topside'" sounders.

Putting YL = 0, the case of completely transverse propagation, we
find that

2
2 2 _ X
(" (0)=n_%(20)=1- T (55)
oy ) (1-X/L)
2_°T (1 -X)(1-X 2
if Yo =—s= =Y
T2 X7T L -
YT2 = 0 < (Physically possible only if 1 £ X £ 4)

2 __ 2 _
n (m)-nx (2w)=1-X

L if YT2=3(1-X/b)=YTiV (X<h) (56)
and
2 2 : 2 2
n_ (w) = n_ (20) = 1-X/k, if YT = 3(X-1) = T (X21) (57)
v

We further notice that Eq. 55 yields physically propagating resonant

waves only when 1 < X < 4 (O_SY2 < 1); Eq. 56 when X < 4 (32Y;

III 1V
> 0); and Eq. 57 when 1 < X< 4 (0 < Y2 < 9). Thus, only Eq. 56 is
physically possible when X < 1. V

The corresponding traveling-wave resonance frequencies are

2 _ 1 2 N 2 2 2_ 9 2
® S \/ 9o =160 ‘o (opfg Z e ?) (55a)
2 2
w w
w? = _PL_ . _'-g_ (56a)
2
w
w’ = wp2 - _'g_ (mT2< 30_2)
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whiﬁh do not always correspond to propagating conditions [n®(w) = nz(zw)
> 0J.

1t is interesting that traveling-wave resonances can also be obtained
at or near the fourth reflection level, where all electron velocities be-
come very large. For this resonance to hold, we must require that

Yg(w) = Yi(Zw). That is,

YT2 X Yol
= - T
1 - X = —5 1 - L= 5
1-Yp 1-Y,°/h
which yields, when lnz(w)l = |n2(2w)| = @,
L X T X
R R
2 2 (58)
Y. = 5-X (Y = 1, for X = 2)
R TR
max

This resonance takes place only when X lies in the range 1 to 4,
and YE is never less than one. At these resonance levels an exospheric

whistler may produce second harmonics. Conversely, a 2® whistler 'pump"
wave may amplify (or generate) an & whistler by parametric traveling-wave
interaction.

In the general case where the wave normal makes an arbitrary angle
with the static magnetic field, the refractive index relations become
more complicated. Introducing the parameter

N AV (59)
ITT
the equalized refractive indices become
2 2 x%/2
ny (w) = nq (2w) = 1 + (60)
o Va2, ()2
2 2 x2/2
n, (@) = n, (20) = 1 (61)
_x+\/x2+(x+1)X2
\"W'_/
13
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FIG. 2. Demonstration of n2(w) = n2(2<b) as functions
of X = @® (denoted by Xo) for various values of
Yy, and Y.
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with the corresponding longitudinal cyclotron frequency components

YLi - % [2x2+5(x+1)Xz2(2+x)p] (62)
2

For graphical presentation (Fig. 2) we have labeled the equalized refrac-

tive indices 1 and 2. Only a more detailed investigation will reveal to

which polarization the equalized indices may correspond. This varies

with X and is of no immediate concern, since there is no difference in
principle between the various states of polarization from the point of

view of nonlinear interaction. .

A closer examination of Eqs. 60 and 61 reveals that most of the
traveling—~wave resonances take place in a region where X > 1 - Y. 1In
Fig. 2, which depicts the equalized refractive indices as functions of

X, there are three levels for which n°(®) = 0 = n°(2w): X = 1, 2, and 4.
Generation of a fairly strong second harmonic echo can be anticipated at
these levels. A detailed analysis of the radiation efficiency in this
case, which must be based on a more rigorous wave treatment to replace
Eq. 51, is outside the scope of the present communication. It should

be noted, however, that the following refractive indices are equal to
zero at these levels:

X =1 no(m) = nx(Zw), for Y = 3/2
X = 2 nz(w) = nx(zw), for Y = 1 (63)
X = U n (o) = n (20), for ¥ = 3

where n (®) denotes n_(®), for X > XR.
Z X

According to Fig. 2 there are a number of levels, of special interest
in the ''topside' ionosphere, where traveling-wave excitation of second
harmonics is possible. The same applies to the exosphere, where wave
interaction takes place in regions where Y > 1. But the different reso-
nance levels may differ in efficiency, since the nonlinear driving
forces (represented by bo in Eq. 50) may vary widely with X and Y.

6. NONLINEAR INTERACTION, PUMP WAVE CHARGE BUNCHING

In order to briefly discuss the parametric interaction in the
magnetoionic medium, let us limit ourselves to the effects of pump wave
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charge bunching only (see also the preceding paper). We then have (w
is the angular pump frequency)

v - ‘“’p2 gag(*\"x(z))

v - _mpz a—ag(“"y(”) (64)
v, - _mpz %("Vz(2))

where

n = AN;z’t) - Azo cos [mpt-wpn)o{(wp)z:l (65)

represents the charge bunching. If wT # 0, then n is linearly propor-
tional to the pump field amplitude (Eq. 5a). When o = 0, it is propor-
tional to the square of this (see Eq. 45 and the preceding paper).
Equation 24 and associated relations now yield the following coupled
equations:

2

3 2 2r_ 2, 2 2_ 2 2_2_ ) (2)

—-—at2 Pem {pp [pe +(Dp (1+T])] + O P } + mL pp P Vy

) 2_ 2 3 2 (2) 2 (2)
- % Pe 3% [pp “L"x ~ Pom 91TV, (66)

r a 2 (2) avz(Z)
[E + O)p (1+n)] VZ = mT 3t (67)
3 2 2 (2) _ 2_ (2)
3T |Pe * Y (1+n)] Ve T epp vy (68)

The left-hand side of Eq. 67 is a Mathieu equation, and the left~hand
side of Eq. 68 can be reduced to one. Both operators describe oscilla-
tions in a periodically perturbed isotropic ionized medium.

To study the instabilities in this medium, we would have to solve
the coupled Mathieu-type equations, a very complicated matter. The
spectral terms of the steady state can always be obtained, of course,
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from Eqs. 66, 67, and 68. We then obtain the parametric resonance con-
ditions already described (Eq. 40). If the fundamental mode easily
becomes nonlinear, for example at the fourth reflection level, we can
pump the medium with a higher frequency than 2w (3w, 4w, etc.) corre-
sponding to the higher order Mathieu instabilities. If losses are very
small, as in the uppermost ionosphere, harmonic traveling-wave pumping
and generation of the more easily excited modes should be possible,
provided the resonance conditions are satisfied.

7. NONLINEARITIES IN THE "TOPSIDE" IONOSPHERE

Even though the theory presented in the previous sections is based
on the assumption that infinite-plane magnetoionic waves travel in the
system, which is not true within a wavelength or so of a ''topside’
sounder, it should be possible to draw some general conclusions concern- .
ing the nature of the wave instabilities recorded by such a device.

At the normal total-reflection or self-oscillation levels X =1 - Y,
1, and 1 + Y, one only expects fundamental plasma ''spikes' except at
levels where any of the traveling-wave resonances of Eq. 63 would take
place. At these levels harmonic pumping should also be possible; that
is, plasma "'spikes' could be recorded when the sounder emits at twice
the resonance frequency.

Instabilities are likely to be very strong at the fourth reflection
levels, at least as far as plane waves are concerned. These levels,
which lie in the following Y° range (Eq. 8),

Y2 = YR2 = .____1_"_}2_2__ (X<1)
1-Xcos 6

2 2 X-1 2

Y = YR = ——T—— (X)l/COS e)
Xcos g-1

depend upon the angle 6. Since the "topside' sounder acts almost as a

point source in the medium, plasma ''spikes'' at the Y; levels are likely

to be strong only in wave normal directions for which (1/n)(dn/d8) = 0,
which means that the Poynting vector is parallel to the wave normal.

Since cos® 6 is equal to 0 or 1 in these directions (longitudinal or
transverse propagation), strong fundamental plasma ''spikes'' are likely

only when Y; =1 (6 = 0), and Yi =1-X (8 =1m/2). This agrees with

the experimental results so far reported. Harmonic pumping of these
resonances (see Section 6) should also be possible, especially for the

one at Y; = 1 (cyclotron resonance), since traveling-wave resonances are

easily obtained at this level (see Eq. 54),
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If ¥ = 1, we obtain for small values of 0

nx2(w)/~\1 + -2—(-—1—12'—)(—)- (69)

sin ¢

which means that for small angles the transverse component of n_ is
practically independent of &, or x

nx(w)sine ~ V2(1-X)

(70) ‘

Second harmonic traveling-wave resonances (now shown in vector form) are
thus easily obtainable in the direction around © = 0, as sketched in
Fig. 3. The second harmonic pump wave continuously builds up forward
and backward waves at the fundamental frequency, which in their turn
generate a backward second harmonic wave. The system becomes unstable
at complete traveling-wave resonance (see Section 6 and the preceding
paper), and ''cyclotron spikes" will be recorded at both the fundamental
and the second harmonic. Similar pumping schemes would also be effective
at the higher harmonics, provided v is small enough (as in the 'topside"
ionosphere). Harmonic ''spikes'' related to Y; = 1 have been recorded by
"topside' sounders, but to the authors knowledge, none related to Y =

1 -~ X.

Unfortunately, present ''topside' sounders are not equipped to record
harmonics and fundamentals simultaneously. A recorder with such features
would no doubt yield very interesting and important results, and is almost
a necessity if we wish to study the ''topside' nonlinearities thoroughly.
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III. WHISTLER MODE AND IONIZED STREAM INTERACTIONS®

L o N65.10069

Gallet and Helliwell (1) suggested in 1959 that selective traveling-
wave amplification caused by interactions between an ionized stream and
whistler modes could generate low frequency emissions in the exosphere.
Rydbeck in 1959 (2) showed that no such amplification is possible when
the wave normal is parallel to the stream and the exospheric magnetic
field, but that another and probably very important interaction takes
place, by which the incoming fast cyclotron waves of the stream are
totally or partially reflected as backward whistler modes. This mode
transformation, which has a fairly large ''gyromagnetic' interaction
bandwidth, occurs in a region where wH/w > 1 and the fast cyclotron wave

has a negative phase velocity. The efficiency of this transformation
depends upon the square root of the stream current density, in such a
fashion that the amplitude of the fast cyclotron wave decreases approxi-
mately as exp. (H/VE_Z), where i is the current density and z the
axial distance. ° °

The nature of this wave transformation is studied in more detail in
the present communication, as well as interactions for arbitrary values
of O, the angle between the wave normal and the static magnetic field,
which is initially assumed to be parallel to the infinitely wide ionized
stream,

It is shown that the forward whistler mode and the slow cyclotron
wave do not interact when 6 = 0, even if their phase velocities are equal,
because they are oppositely (circularly) polarized. Equivalence of phase
velocities, or wave ''synchronism,’ therefore is not always a sufficient
condition for linear wave interaction.

When 6 # 0, there are no less than eight waves that can interact in
the system: four magnetoionic waves, two cyclotron waves, and two space-
charge waves. It is shown that the backward whistler mode excitation is

practically independent of 6 as long as 6 < arc cos [w/wgg)], where wéz)
is the electronic plasma frequency of the streaming medium. Backward

whistler mode generation should therefore be a very probable phenomenon
in the exosphere, especially since the gyromagnetic bandwidth is so large
that one can "allow' some velocity spread in the stream and still obtain
reasonably strong interaction.

When 6 # 0, the streaming medium can actually amplify the forward
whistler mode, as postulated by Gallet and Helliwell. This is a travel-
ing-wave interaction between the fast cyclotron wave and the forward

*

Part I, Scientific Report No. 187, Ionosphere Research Laboratory,
The Pennsylvania State University, June 15, 1963 (with authors' revisions
to September 6, 1963).
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whistler mode. It increases in strength as O approaches arc cos La/w

(2)]
p b

but its gyromagnetic bandwidth is very small. For this amplification to
take place, one must therefore have a stream with an extremely small ve-
locity spread.

The space-charge waves play no essential role in the whistler mode
range. Their general interaction properties are, however, quite thor-
oughly discussed in the present report.

As a by-product of the present investigations, the wave propagation
properties of a moving magnetoionic medium are also discussed in some
detail. It is shown, for example, that the normal fourth reflection
level disappears for the moving medium. Furthermore, it is found that
magnetoionic waves are not always totally reflected, and may partly
proceed as cyclotron waves in the moving medium. This combined reflec—-
tion-transformation level corresponds toznlah/w value somewhat larger

2
than 1 - aéf) /GF, where aéf)
streaming medium, for the perturbed extraordinary wave.

is the angular plasma frequency of the

Finally, the very general case when the stream makes some angle GS
with the magnetic field (assuming electrostatic field conditions that
make this flow direction possible) is briefly considered. The general
nature of the interaction between the whistler mode and the stream does
not change appreciably when |6 - GSI has moderate values.

[Deletion in press by authors. ]

Nonlinear whistler phenomena are likely to be important at various
exospheric traveling-wave resonance levels. Problems of a related nature
are dealt with in Ref. 3 and the preceding paper.

2. THE LONGITUDINAL CASE

We shall first consider whistler mode and ionized stream interaction
when the wave normal and the stream are parallel to the static magnetic
field.

As shown in Fig. 1, we assume that the neutral ionized medium,

(=)

electron and ion density N

and ion density N(l), are infinitely wide. We also assume that they are
homogeneous, and for the present, that the strength HO of the static

, and the neutral ionized stream, electron

magnetio field does not vary with z, the drift direction.
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FIG. 1. Electron-ion stream in the stationary
magnetoionic medium, longitudinal case.

Since the differential space-charge densities AN(:L) and AN(Q) are
equal to zero in the longitudinal case -~ that is, no charge bunching
takes place -- Maxwell's equations yield (EZ = 0)

2 (1) (1)+ (1,0, (2)v(2) ( ) (2))
peEx “bat( e qj xJ xe
(1)
Dq{ v q(2)v(2) {2y (z)
PPy = 'oat(q“) (e) 3 vy e Ty, Y )

2 . . . .
where P, is the one~dimensional vacuum electromagnetic wave operator,

2 _ 2% 32 (2)
Pe = = B2
dz ot
v(l) and v}({l) are the x-direction a—-c velocities of the streaming elec-
e J

trons and ions, etc., and

q(1) = -eN(1) = _qgﬂ qu) = —eN(Z) = —qu) 3)

e
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We next introduce the drift operator

L v =
ot * (4)

g
t
L

which annihilates a synchronous wave; the gyro—oscillation operators,
which annihilate cyclotron oscillations,

p'?' —-f—+w2 P2 _52 +w (5)
¢ atz He cj bt2 Hj

where ah and wH are the angular cyclotron frequencies of the electrons
R .

and ions; and the cyclotron wave operators, which annihilate cyclotron
waves,

2 2
pg =P, o+ Wy p =Py +Wp (6)

The equations of motion can then be written

2,1

P = -2 p_(p,E E_)
g ot x, T Tm_ PPy x"‘*’He v
(7)
2 3 _(2) e G (d )
Co at Xo m, dt\dt x "H Ty

and so forth, in which me = mass of electrons.

Relations 1 and 7 now yield the coupled transverse field equations

2 2
L@ @)
2 2[2 3°[ Pe Py \] 2(() (‘)
P, P, |P.~H.E + £.P. P E
8o gJ[e ooatZ\ pi p:’f ’ ~HoEoPt| “p g'j p ge ;:
e J
2 2
w(-?) w(2)
- 9.2 2 Pe Py
“+Ho%|3tPg Pe |Yn T2 ¥y T 2
e °J e p, J p,
_ . ;
2 2 5\
(V"2 (0752 \| &
+p. | Wy w -y W p (8)
t| 1, pepgj HJ Py &gl ¥
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(1) and m( 1)

where are the angular plasma frequencies of the streaming
e J
electrons and ions, and w(z) and w(z) are the same quantities for the
e J

2
stationary electrons and ions [w(l) = ezN(l)/mee ’ etc.].
e o
If the medium parameters are constant, Eq. 8 implies that (EX/Ey)z =

=1; that is, all wave motions are circularly polarized. This yields two
uncoupled wave equations,

2
Py Py P,

8y 85 © xEx = *posopt(p* ol ) +p% W (1) JE_ (9)

€ea PJ

when E = =-jE , and
y X

- (1?2 (1)%
p_p_pP._ E_= +posopt(pgjwp +P, ij )E, (10)

when Ey = +jEx. In these equations

P, = P +Jjuy p* = p_-jw
€ ¢ e 8 ¢t THg
(11)
S d
P = + Jw PY = mT - Jw
ce at He ce ot HO
and so on, and
2
(2) (2)
“p Yp
p2 _ p2 b€ 9 e ., B
em_ o ogt 12
- 2t - o (12)
J
2 2
()2 (2)
2 2 3 | Pe Py
pemo = P = HoEoTt P ‘' p (13)
Ge CJ

are the operators annihilating the extraordinary and ordinary longitudinal
magnetoionic waves.
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The right-hand sides of Eqs. 9 and 10 couple the electron and ion
cyclotron waves to the magnetoionic waves. This coupling tends to zero

when N(l) — 0.

Since the p* and p* operators annihilate fast cyclotron waves and
e gj
pg and pg annihilate slow cyclotron waves, we infer from Eqs. 9 and 10
€ J

that the backward waves only couple to fast-electron cyclotron waves and
fast-ion cyclotron waves; that is, the interacting waves must have the
same sense of polarization in the homogeneous and linear medium. From
these equations it also appears that the moving electrons and ions are
stationary whenever |8/8z| << a)/v0 -- when the phase velocity of the

waves is much larger than the drift velocity. Often, therefore, the
ordinary magnetoionic wave barely 'motices' the drift motion of the
streaming electrons and ions. The situation is entirely different as
far as the extraordinary waves are concerned. Because whistler modes
travel slowly, they readily interact with the streaming medium.

I1f we assume conditions such that p¥* EX ~ 0, Eq. 9 then yields

e
2 (1?
Py P E_wep gp.w E (14)
gy em_'x Ho€oPt P, x
if pZm Exzu 0 at the same time, strong coupling takes place between the
X

fast-electron cyclotron wave and the backward extraordinary magnetoionic

wave (the whistler mode), practically independently of the streaming ions.

On the other hand, if pg EX ~ 0 and pZm Ex:% 0 at the same time, strong
J X

coupling takes place between the ion cyclotron wave and the whistler

mode. Hence, the ionic and electronic cyclotron wave interactions with

the whistler mode can be analyzed separately with very good accuracy.

In the following discussion we will limit ourselves to a study of the

electron cyclotron wave interaction; the ionic case will be dealt with

in a later report.

Considering electrons only and replacing d/dz by

0
3= = -3v (15)

[that is, Re (y) positive indicates a forward wave if the time factor
is exp. (jot)], Egs. 9 and 10 can be thrown into the instructive forms

2
m(1) G”_Yvo)
J_[(l)2+ pe )+
=2 g =W+ YV (twy =)
00 ( He o He

2
méﬁz) W

] (16a)
(16b)

-
oM N
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where l/ci = HE This demonstrates the effect of the drift-Doppler
shift of the transversely oscillating streaming electrons.

Let us next, on the basis of Eq. 16a, study the interaction between

the whistler mode and the fast cyclotron wave. Relation 16 can now be
written

2 .2 2
[y= (=) J(¥°-KD) = kX, (@-v) a7
Fast Eo Coupl:ing term
cyclotron magneto-
wave ionic
wave s
where
2 2f, X2 2 2 2 2,2
ky, =k (1+377) = kK'n_ (x -_-w/co)
2 2
(2)7, 2 (1)<, 2
X, = wpe /w X, = wpe /0 ky = wg /#o (18)
e
a =w/v Y =0, /0
e

Thus, if the coupling is neglected, we have the three independent roots
o (] [+]
Yy = Yy = a-ky Yo = Yo = 4Ky Y3 = Y3 = <ky (172)

It is interesting to note that Eq. 17 can also be written

[r=(a-1) 1(x2-13,) = x%xky, (19)

where

1 (19a)

This relation demonstrates the influence of the static magnetic field

upon the coupling. If the electron stream is underdense, kil = k2,
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Now let us introduce the notations

ky=0-ka, Ym0tk g
b="72 Ky = 3 (20)

where A can be regarded as a measure of the phase velocity difference,
from synchronism, between the fast cyclotron wave and the kzl wave (a

slightly perturbed backward whistler mode). Relation 19 then becomes

(¥+A) (€-0) (¥~k ) = KX ky (21)
where
¥ = Y+km (21a)

In the interaction or traveling-wave resonance region, where A? is
small compared to ki if the electron stream is not too dense, Eq. 21

becomes approximately

2
k X . k
1T"H .2
\yz s - X +4 (x1 << 1) (22)
m
which yields
2
Yy ® -k t\A -Ai (X, << 1) (22a)
3
where
2
K kX kg
o ™ “k (22b)
m
The remaining root of Eq. 21 becomes
X
~ 1 1 1 kH
Yo = kx [1_3?(“57::):] (A = 03 X, << 1) (23)
X

representing a forward whistler mode slightly perturbed by the underdense
stream,
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The two interacting waves experience traveling-wave resonance. Both
are backward waves, since the fast cyclotron wave is a backward wave when
Y > 1. 1In the center of the interaction or coupling region, A = 0. That
is,

ey = k= a+(k21)kﬂ orY =Y ¥ '*B(“x)Yo (24)

o]

= . If (n° >> :
where B vo/co I (nX)Yo 1, Eq. 24 reduces to

Y = —2z 1+92/3x;/3 (24a)

This demonstrates how the gyromagnetic interaction—band center varies
with the stream velocity and the plasma frequency of the stationary
medium,

In the center of the interaction band,

kTi
lm(Y1)I QAO = ko VX, (A = 0) (25)
3 m

which is thus proportional to the square root of the electron current
density. The higher the current density, the stronger the interaction.

The gyromagnetic interaction bandwidth is determined by the relation

A= :koqx,;-}{- (26)

m

H

corresponding to two kH values, kH and Kk, . Relation 26 yields
1 2

Lw
: H v 2
kHZ--kH1 = a(Yé—Yj) = :{T = qu 1+Abu (X1<< 1} (27)

where
ok '
1 k] X
B ey | e (x, << 1) (27a)
. [kn 2kx( +aka)] Y, * i
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From Eq. 27 one obtains the approximate relative gyromagnetic band-
width,

Aw k
H H
o ~ llB x1 -“km (X1 <L 1) (27p)

which can be quite large, as accurate solutions of Eq. 21 would show,
when the stream is fast and dense (Xi of the order of 0.5, for example).

It should also be pointed out that Eq. 27b can be written

bl _e vy
Aoy ¥ ;_vm =— 11| ¢ (X,<< 13 Y = Yo) (27¢)
o e O m
Aw 14 |
H o .
— = 4 T (X,<< 13 Y = Yo) (27d)
o om

The magnetic bandwidth thus depends upon only the stream density if the

k°X term in k_ is neglected.
o1l m

It should be added that Eq. 17 has the following simple solutions
when kx = o

Yy = %l:—kH:V(Za—kH)z-hkzx1 J
3

(28)
Yz =

To demonstrate the details of the wave interaction, we have plotted
in Fig. 2 the normalized y values, ' = y/k, as functions of Y for Xl =

2/3, Xz = 9 ( a whistler mode value), and B = 1/3. We have also included

the roots ' , I' , and I of Eq. 16b, which, similarly to Eq. 17, can be
written 4 5 &

[y - (etk) N 2=i2) = %X, () (29)
where

X
ki = k2(1-7%,) - kzni C(30)
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For completeness we have also included the space-charge waves of the
system,

1 \ Xl
2 =11t § ——
L= gt (31)

which do not interact with the other waves when 8 = 0.

Let us assume that a fast cyclotron wave Fl travels in the positive

z direction, which for the moment is supposed to be the direction of
increasing Uy, or Y. When the I‘.‘ wave passes the level Y = 1, it acquires .

a negative phase velocity and has the property of a backward wave. As
it approaches the interaction range A-B, its negative phase velocity
gradually decreases until it meets the perturbed backward whistler mode
Fa. At A and through the interaction region, these two waves travel

with the same negative phase velocity.

At and around A, strong interaction takes place between the waves.
If the interaction distance Yz—Yi is long enough, the fast cyclotron

wave is almost totally reflected at A, but now in terms of a backward
whistler mode. This means that the electron stream is practically
stripped of its transverse kinetic energy. The remainder of the first
cyclotron wave leaves the interaction region at B and follows the Fl

branch. For large Y values it will almost be a pure cyclotron wave, as
it was in its initial phase (Y < 1).
Using the coupled analysis method of Rydbeck (4) and assuming that

ah varies linearly with z throughout the interaction region, we find that

the reflection coefficient, defined as the ratio between incident cyclo-
tron-wave power flow and reflected whistler-wave power, becomes

(1)
2 1
- 1 (32)
Riy ¥ %5 = — B (mm /s (K<) o
1 o' 2 71
T+e
where Ze and z, are the z values corresponding to Yz and Yi. The reduc-

tion in cyclotron-wave power flow through the coupling barrier is

? 2
= 1=-R (323)
p i 13
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1f Ao(z2 - zl) is of the order of unity or more, the reflection or

mode transformation is almost total. It is important to note that the
traveling-wave interaction produces only a mode transformation in this
case; no amplification takes place.

Let us next investigate what happens if a whistler mode travels in
negative z direction and approaches B from the region Y > Y2. At B it

is partially or totally reflected in the form of a fast cyclotron wave
(which follows branch Fl to high Y values) or partially transmitted

through the coupling barrier, emerging at A with much reduced amplitude
as a perturbed whistler mode following branch FS.

Actually, the wave reflection mechanism at levels A and B is almost
the same as normal wave reflection in stationary media. One easily sees

that this is so if the drift factor - %(kx + k_ - a), drawn as a thin

H
line in Fig. 2, is subtracted from the Fl and I' curves.
3

It should be emphasized that the results presented in Fig. 2 are
based on the concept of a monovelocity stream. If the velocity distribu-
tion of the stream is taken into account, for example by using the methods
of Rydbeck and Wilhelmsson (5) and assuming a rectangular velocity dis-
tribution of velocity width ANO, we find, as expected, that the main

features of the interaction effects are preserved as long as (Avo/vo)2 <

(Qﬁo/d)z, which by Eq. 27 means that (Awo/vo)z << (Aw%ngH y2. Thus, for
o

the traveling-wave interaction to take place efficiently, the relative
velocity spread should be appreciably smaller than the relative magnetic
bandwidth. Since this bandwidth increases with the square root of the
stream current density, we infer that dense streams are less susceptible
to velocity spread effects.

Returning to Fig. 2 for a moment, we notice that there is no coupling
between the I' and I' waves at C, where they should experience traveling-
2 4

wave resonance. The reason is that these waves have opposite senses of
circular polarization and no component of a-c¢ electric field in the direc-
tion of the wave normal. This example typically illustrates the fact that
traveling-wave resonance alone is not a sufficient condition for inter-
action in the linear theory. That is also clearly borne out by our theory,
since F4 is a root of Eq. 29, Fz a root of Eq. 17, and these equations

are uncoupled.

When 6 # 0, however, both I' and I' have an Ez component in the
2 4

direction of the wave normal. In this case, both waves will interact
at and near the C level, as will be shown in the following section.
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3. WAVE NORMAL AT ANGLE TO STREAM AND STATIC MAGNETIC FIELD

The wave normal is now assumed to make an arbitrary angle 6 with
the direction of the static magnetic field, which is parallel to the
drift direction of the electron-ion stream (see Fig. 3).

As is well known from the magnetoionic theory, the magnetoionic
modes now have a longitudinal component of the a-c electric field, which
means that waves with opposite senses of polarization can interact at
traveling-wave resonance and that longitudinal interaction with the space-
charge waves may also take place. We have in this system four magne-
toionic modes (one forward and one backward mode of each kind), two
cyclotron waves, and two space-charge waves, and will therefore obtain
an eighth order wave equation.

Since ionic oscillations will not be discussed in this section, we
drop the e-charge indices and introduce the notation

a, =A§§-117)-q(1) (33)

for the differential charge density of the electron stream. Maxwell's
equations can then be written as follows (assuming the wave normal to
lie in the x-z plane).

|--———— Stationary electron?a
I and ions, density N

|
Direction of _|—|— -
wave normal ———

Streaming electrfns and
ions, density N(), drift
velocity vo

FIG. 3. Electron-ion stream in the stationary
magnetoionic medium, wave normal at angle 6.

84




Eai} . 502;5 v gy, + alVD | (2),(2)

OH, H, OE (1).(1) . (2).(2)
z
- T Tt T Yy rd Yy
oH
= (1) (1) a(2),(2)
= -a-ix'soat + Vx
(34)
OE OHz
ax - “Hoat
O0E OE oH
—Z X L ek
= 3x Y 5z Mo "3t
) A anx

To the transverse equations of motion (Eq. 7), properly corrected
for oblique incidence, we now add the longitudinal equations of motion:

(35)

We next introduce the longitudinal a-c convection current density
iil) [= qlvo + q(l)vz(l)] of the electron stream. The equation of con-
tinuity then yields

(1) (1)
9 ov
R N e

by which q can be eliminated from Eq. 34.

If we introduce the wave operators

aZ
612 9z °e btz

2

N A o
* T2

Pe
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which annihilates an electromagnetic wave in vacuum, and

2 97 i
Pxz = 3xoz (38)

the transverse coupling operator, and drop the e subscripts of the cyclo~
tron wave and cyclotron oscillation operators (Eqs. 5 and 6), Maxwell's
equations can be transformed into the instructive coupled wave equations

2
wé1) 2 3E
) = - - . —t
¥1Ey = ‘YBEX 02 WPVe Tx (39)
2
1
(o 220 “’1(3 ) , o
- .2 = - — - 40
\\1!1 pgpcax2> Ex \yBEy pgpcpxz z 2 ptpCvO ax ( )
o
where
2 2 2.
22 2 (1)° 2 2 (2)° 2 3 i
¥, = P PcPe uoeo(u)p PoPytwy pg-—-—atz) (41)
and
2 2
(1)" 2 (2)° 2.8\ "
¥ = “anwﬂ(“’p PcPy*ey  Pgi) (42)
We immediately notice that for 3d/dx = 0,
¥1Ey = 2 ¥5E, (43)

x ¥y

When the coupling is weak, the cyclotron waves and the magnetoionic waves

are thus almost circularly polarized. It is readily apparent that Eq. 43 .
is equal to Eq. 8 and therefore contains the longitudinal magnetoionic

modes and the cyclotron waves, a fact that is very important to note when
analyzing the complete set (Egs. 39 and 40).

Let us next introduce the operators

2
2)
5 + w? : (44)
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which annihilates a plasma oscillation in the stationary homogeneous
medium, and

pY = pPp 4 (1) (45)
Py, thp, T Op 542

which annihilates the unperturbed space-charge waves and the plasma
oscillations of the system if Vo = 0.

E can now be eliminated from Eq. 40 after some transformations.
z

We find that

b .2 2 2 Y; o’

ppL(Y,+?3)Ex = [?Y3+pt(“o €°+A)] 2 (46)
where
Pg = vob-a; (47)

is a drift operator, and

2 2 2
1 2( 2 9 4 2)" 2. 2 2
X = wx() ) pc(Pg;?-Pt) +w1() )wﬂptpg (48)
2 2
2 2 2 W =P
(1) 2 2| 2 13 (1)° “H Pt
= @ 2p (p, ¥,~w, . ¥.)P, + B P‘l’( —~3 " w 2z
P ¢ t™1 "H'3’'%d ek, €, ax2 D pg
. 2¥ w( )? wyPy _ 1 3 o )? 2p - (488)
3 2 “p WH ax2
Pg Ho J%
If we introduce the combined transverse and drift coupling term
K =xXV¥ p( ! ‘1’2+A)
= + UL, 49
1 t\R, €, 3 (49)
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then Eq. 46 assumes the form

2
ng(\r,wa) (¥,-3¥5)E, = Kf—z E, (50)
y x y
() )

Since d°/dx° = =y sin® 6 for the homogeneous medium, we see from
Eq. 49 that the coupling vanishes when 0 = O.

Let us put a)(z) . We thenobtain

2 2 ®
<K>w;,z>.o=w£" piee T3 [o2pi6%2 (o2 -2 ]

('fpgpc— [w (wH‘i’1+pt‘¥3)+ﬁzpt(ptv,-mH‘I’B)] (51)

2
If this relation is used in Eq. 50, remembering that aég) should

be zero in its left-hand part, we obtain the coupled wave equation for
the drifting magnetoionic medium. When vo = 0, this reduces to the

Appleton-Hartree relation [if we put (3/3t)° = -of, 3°/3z° = -7° cos® 6,
and 3*/3x° = -¥® sin® 6].

Since

vy o+ ¥ - pgpc[ 2 pge o(w(1)2_‘_’;c_ml()2)2%9._t.)]

L e s I

¥* *
19 pk

we notice that uncoupled cyclotron oscillations

P.E_ =0 (53)

are possible only when the medium does not drift (pz = pz).

The form of Eq. 50 is very interesting, since it shows that the fast
cyclotron wave and whistler mode interaction discussed in Section 2 will
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be very strong even for moderate angles 6, and actually varies only
slightly with the angle. This will be demonstrated by graphical presen-
tations in Section 4. Note also that the drift coupling term in Eq. 50

is proportional to cos 6 sin® 0 when the Bz terms are neglected, and
consequently disappears for longitudinal as well as transverse propagation
in this case.

Whenever any of the roots of (wz + wz)E = 0 and ﬁ* E_ = 0 come close
1 3y Py
to each other, one should expect traveling-wave interactions of some kind
to take place, to first order, for moderate 6 values. This will be dis-
cussed in the following sections on the basis of graphical presentations
of the roots of Eq. 50, which is an eighth order wave equation, for
various 6 values.

If we replace 3°/3z° by -7% cos® 6 and d3°/3%° by -° sin® 6, we find
from Eq. 50 that

Y =0 Aif (1-X1-x2)[Yz-(I-Xl-xz)z](1-Y2)/(1-Y2-X2)=0 (54)
and

1/¥2 = 0 if xz/(v-yz) - 1/(1-Y2cosze) = O (54a)

(The corresponding Y value is denoted Y. in what follows.) We thus note

R
that the familiar magnetoionic zeros, Xi +X = Xi =1, and Xi + X =
2 2 2
X =14+Y, are drift-invariant. When the medium drifts, however, only

12

a closer examination reveals what type or types of waves will experience
7 zéro. In that case, y = 0 does not necessarily correspond to total

or almost total reflection of the wave in question, as will be shown in

the following sections (see also Fig. 2). Furthermore, ¥ = 0 for Y° = 1
if X # 0. When part of the medium is stationary (X2 # 0), we therefore
2

have a fast cyclotron wave with y = 0, that is, with infinite phase ve-
locity, at the cyclotron resonance frequency. This zero disappears when
the entire medium drifts, which means, as will be shown later, that the
fast cyclotron wave transforms into a different kind of wave for Y < 1.

It is also very interesting to note from Eq. 54a, which is the fourth
reflection level, that the zero disappears if the entire medium drifts
(i.e., if Xé = 0). Furthermore, the space-charge wave y values approach

infinity at this level only, which for 6 = 0 reduces to the familiar X2 =
1.

Since not all waves interact, but when some waves do interact this
takes place for different Y values, the operator presentation (Eq. 50)
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of the wave equation is very useful for an approximate study of the

various interaction regions. This applies where Eq. 50 can approximately
be reduced to an equation of comfortably low order, about as was done in
the Fl—F3 interaction range in Section 2. This is almost impossible if ome

writes down the complete dispersion relation in y (to be shown in Section
6). Furthermore, an operator analysis of the interaction mechanism yields
a much deeper insight into the physical nature of the problem.

4, VARIOUS [' VALUES AS FUNCTIONS OF 6 AND Y

On the basis of Egq. 50, where d°/3z° has been replaced throughout
by -72 cos® 6 and d°/dx° by -72 sin® 6, we have plotted Fq as a function

Y for various 9 values. The following notation has been used. Curves .
representing Fq are marked q. Curve 1 indicates the perturbed fast cy-

clotron wave, curves 2 and 3 the perturbed forward and backward extraor-
dinary magnetoionic modes (where the terms forward and backward refer to
the propagating range), curve 4 the perturbed slow cyclotron wave, curves
5 and 6 the perturbed forward and backward ordinary magnetoionic modes,
and curves 7 and 8 the perturbed slow and fast space-charge waves. The
unperturbed modes, which the perturbed modes will approach asymptotically
in various regions of the I'-Y plane, have been marked 10, 20, and so on.
The -n_ branch is marked 30; the +n_ branch, 50; (l/BL)(l 4+ Y), 10 and

40; (l/BL)(l + VXl/(l - X2 , 70 and 80. 1In these expressions,

By =P cosd (55)

and as before, B = 1/3, Xl = 2/3, and Xz = 9. Real components are

marked by solid lines, imaginary components by dashed lines.

Figure 4 shows that the main interaction between waves I’ and I
3 1

remains practically unaltered, as expected. The space-charge waves do

not interact (they are practically unperturbed), and the same is true

of the ordinary magnetoionic waves, which never propagate in this region. ‘
Notice, however, that the slow cyclotron wave and the forward extra-

ordinary wave (the forward whistler mode) interact in a narrow Y range,

from Yé to Y; (coupling levels C and D). This is due to the fact that

these waves now have E-field components in the direction of the wave
normal, as is clearly brought out by Fig. 5, which demonstrates the
situation for 6 = 30°. 1In Fig. 5 all waves are more perturbed, but the
change in the nonpropagating ordinary waves is very small.

The interaction in range C-D is interesting from a theoretical point
of view, since it may lead to whistler mode traveling-wave amplification.
Assume that a forward whistler mode (curve 2) approaches the coupling
level C and there interacts with the electron stream, which for the mo-
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ment is considered to have no slow cyclotron-wave modulation. 1In the
course of the interaction, the whistler mode becomes amplified and leaves
level D along branch 2, with increased amplitude. The electron stream
leaves the coupling region at D, carrying a slow cyclotron wave, which
propagates along branch 4 in the positive z direction. This wave has a
negative a-c kinetic power flow, and the energy provided to amplify the
whistler mode is supplied, as it should be, by the electron stream.

If the input whistler power is P(l), the output whistler power Pgo)
becomes approximately 2

k[Im(I‘u)]m n(zy-2,)/2
P£°) & Pgi e = (56)

where z4 - z1 is the length of the interaction range. [The detailed

relation between Im(F4) and the medium parameters will be discussed on

the basis of the coupled wave equations in a later publication.]

Next let us look at Fig. 6, which depicts the ' situation for 6 =
40°. We notice that the Fa-Fl interaction remains about the same, as

predicted from the coupled wave equations. The I' -I' interaction has
¢ 2

increased in strength and magnetic bandwidth, although the latter is
still much smaller than the PS-Fl interaction band. The space-charge

waves are now beginning to show some interesting features. They become
strongly perturbed when Re(Fa) [= Re(F7)] =1 , that is, when the phase
2

velocity of the space-charge waves roughly equals the phase velocity of
the forward extraordinary magnetoionic mode. Furthermore, it is of
interest to note that the ordinary magnetoionic modes remain practically
unperturbed by the electron stream.

The space-charge wave interaction situation changes drastically
when we go to a 6 value of 50°, as depicted in Fig. 7. Between the
levels E and F (range Yg to Yg) the space-charge waves are no longer

evanescent and growing, a property they resume when Y > Yg. The major

part of the space-charge wave kinetic energy flow, assumed to be positive,
will be converted to a very perturbed forward extraordinary magnetoionic
mode at level E, and will travel in the positive z direction along branch
2. An amplified forward whistler mode (we still use this concept in

spite of the fact that 6 = 50°), which may leave the F4—Fl range at D,
may transform to space-charge waves at F, a matter that will be dealt

with in more detail in a later publication.

At 6 = 60° the space-charge wave interaction shows essentially the
same features as at 50°, though more pronounced. Discussion of this is
outside the scope of the present communication.
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When cos” 0 < 1/X2 = 1/9 = cos® GR (GRfE +70.5° in the present

case), the fourth reflection level disappears and no wave interactions
or couplings take place, as shown by Fig. 8. Thus no interesting things

happen when 6° > 93, which illustrates the importance of the fourth

reflection level in this and so many other magnetoionic interaction
problems (3).

To demonstrate the angular dependence of cyclotron wave and whistler
mode interactions, we have plotted in Fig. 9 the magnetic bandwidths as

functions of 6. It is extremely interesting to note that the T -Fl
3
interactions (fast cyclotron waves being reflected as whistler modes)

remain very uniform and broad through a wide angular range. The P4—F2

interactions, which lead to amplification of the forward whistler mode,
have a narrow bandwidth and are easily "smeared'” out by velocity distri-
bution effects in the stream. Interaction Fa—Fl is a very probable

phenomenon in the exosphere. Direct whistler amplification should occur
only when the stream has a very narrow velocity spectrum, and under such

circumstances it will take place in an annular cone of, say, 10° < 8 <
6

R’
In Fig. 10, [Im(T )] and [Im(T )] are depicted as functions
max % max
of 6. The imaginary parts tend to great values when 6 approaches QR’

which corresponds to an infinitely strong static magnetic field, a case

that may be approached in plasma amplifying devices. It is important

to note that in the € range for normal whistler mode operation (6 less

than about 35°, Y less than 2.5) both the gyromagnetic bandwidth and

[Im(F )] vary only slightly with 6. This must make the transformation
max

from fast cyclotron wave to backward whistler mode very efficient, pro-

vided the velocity spread of the stream is small enough.

To demonstrate what happens when N(z) varies with z, as it actually
does in the exosphere, Fq is plotted in Fig. 11 as a function of Y when
X = 9Y, which means that the ratio N(z)/H0 is assumed to be constant

2

throughout the medium. If we compare this plot with Fig. 5, we note
that there are no significant changes as far as the FS—FI interaction

is concerned. The magnetoionic waves are reflected at the levels
Xiz =X +X =1and1l~-Y, and the fast space-charge wave (curve 8)
1 2

has y = 0 for X = 1 + Y (see Eq. 54). Furthermore, the space-charge
1z

waves transform into evanescent and growing waves when YR = YR (the
1

"first" fourth reflection level), which in this case corresponds to
X =1 (see Eq. 54a). The fourth reflection level thus has a twofold
2

meaning for the partly drifting and partly stationary medium (X.l £ 0,
X2 # 0).
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To demonstrate how the cyclotron wave and whistler mode interactions
vary with the wave frequency, Fq is plotted in Fig. 12 as a function of

2

1/Y = aYuh for 8 = 40°, assuming a$(2) /aﬁ = 9 and X1 = 2/3. Actually
2

aéf) should have been constant, but the general picture would not change

much if this change were made. The reflection and amplification inter-

actions now appear in reversed order. The backward FS mode interacts

with the fast space-charge wave in the Y;-Yé region, where the latter

has a negative phase velocity. In this coupling region, therefore, the
fast space-charge wave is partly or wholly converted into a backward z
wave, a transformation that in principle is very similar to the T -Fl

3

interaction. The fast space—charge wave has y = 0 for Xig = 1 (see

Eq. 54). It will interact with the forward I' mode, of extraordinary
type with y = 0 for X12 =1 -Y, when Xlz is Zomewhat smaller than 1 - Y
(not seen in Fig. 12). Since these interactions take place for Xz <1,

they are of limited interest in the whistler case. Finally, it should
be noted that the space-charge waves transform to a regular pair at the
"second' fourth reflection level Yp = Yp o

2

It appears from Fig. 12 that, as expected, additional interactions
occur when the ordinary magnetoionic modes also propagate. To illuminate
the complexities of these interactions, Pq is plotted in Fig. 13 as a

function of Y when Xi =0.1, X =0.6 (i.e., Xl < 1), for 6 = 40°.
2 2

Although this choice of parameters applies mainly to plasma amplifier
theory, it is nevertheless of great practical interest in connection
with the present interaction studies.

We immediately notice the following interesting and somewhat dif-
ferent properties of the underdense system (Xl <1). The slow cyclotron
2

wave is perturbed near the fourth reflection level, but it does not
directly interact with any of the other waves. The fast cyclotron wave
smoothly transforms to a forward extraordinary magnetoionic wave and
never acquires a negative phase velocity. The fast space-charge wave
similarly transforms to a forward ordinary magnetoionic wave. The slow
space-charge wave (branch 7) and the forward, really nonpropagating,
extraordinary magnetoionic wave transform into growing and evanescent
space~-charge waves at the fourth reflection level. At the N level these
waves transform into a normal slow and fast space-charge wave pair. The
nature of this complicated transformation has not been analyzed in detail.

The forward extraordinary magnetoionic wave (curve 2) is reflected
in -a perfectly normal fashion at the level X1 =1 - Y. The ordinary
2

wave, on the other hand, reveals some very peculiar interaction prop-
erties. It is partly reflected at the M level, that is, at Y = Yé.
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(In the absence of the streaming medium it would proceed, without any
reflections, in the positive z direction.) And it is partly transmitted
as a hybrid wave from levels L to A, whence it again splits into a back-
ward extraordinary magnetoionic mode and a fast cyclotron wave, along
branch 1. The forward ordinary magnetoionic wave is thus split into no
less than three different types of waves, but no wave amplification takes
place.

5. WAVE PROPAGATION PROPERTIES OF A MOVING MAGNETOIONIC MEDIUM
The wave propagation properties of a moving magnetoionic medium are

also of interest here, especially if one has in mind their application

2
to the solar corona. To study them, we have ''simply" to put aﬁz) in
Eq. 50 equal to zero. p

Let us first look at the basic case of purely longitudinal trans—
mission, 6 = 0. If we let d/3t = jw and allow ah to vary with z, we
obtain the following wave equations for 6 = 0:

2
[kﬂt(a-dﬁ-) ] ey (a-3§;) ][-:-;5 8 ( 1-x,) ]+ch1:‘°’1(1 E_

—— v

Slow or fast Fast or slow Isotropic wave
cyclotron wave cyclotron wave operator
operator operator

= J?;kf f;(a-sga;) [?;Z’*“i("xt)] 7 (al:-;*i) E.  (57)

We see that a static magnetic field gradient now brings about a coupling
of waves with different senses of polarization. Similar results would
be obtained if Eq. 57 were extended to include also the stationary medium

(a)ff)z > 0).

Neglecting the gradient coupling effects, in Fig. 14 we have plotted

Fl, Fz’ F3, F4, FS, and Fs’ plus the uncoupled space-charge waves P7 and

Fs’ as functions of Y. The plane isotropic electromagnetic wave, assumed

to travel in positive z direction (increasing Y), soon splits up into an
ordinary and an extraordinary wave. The ordinary wave travels without
any perturbations and is not affected by the motion of the medium. The
extraordinary wave, however, is reflected not at the Xi =1-Y level as

it would in a stationary medium, but at the A level, where reflection is
almost total. The remaining wave eneréy is transmitted through the cou-
pling barrier A-B, whence it emerges as a fast cyclotron wave following
branch 1.

103



=7k
s

121| X=0.1 Xz=0
Bel/3 8:=0°

o ~N 0O o

1/B,

N oA o
\‘

Y =%/

F1G. 14. Fq as a function of Y for a streaming magnetoionic
medium when 6 = 0°.

104




The slow cyclotron wave, if it is excited in the streaming medium,
proceeds in the positive z direction without any interactions. But note
that the fast cyclotron wave transforms smoothly to a forward extraordi-
nary magnetoionic wave. For large Y values the pair 2 and 5, if of equal
amplitude, would form an almost plane polarized wave, with kz s k.

The fourth reflection level, which in this case would be Yk = 1, disap~

pears for the streaming magnetoionic medium (see Eq. 54a).

In Fig. 15 we have plotted Pq versus Y for 6 = 30°. The electro-

magnetic wave interaction remains practically unchanged, but the two
cyclotron waves now gradually transform to a symmetric space-charge wave
pair. The slow space-charge wave smoothly transforms to a slow cyclotron
wave. The fast space-charge wave transforms to an extraordinary magne-
toionic wave, which proceeds 'undisturbed" in the positive z direction.

We see that the traditional fourth reflection level, where 'Fl - ®
is again absent. 1In this respect the moving magnetoionic medium differs
greatly from the stationary medium. When the medium does not move, the
phase velocities of the extraordinary magnetoionic waves tend to zero at
the fourth reflection level and thus become smaller than the drift ve-
locity. This, as a matter of fact, is demonstrated by the drift-Doppler
shift terms in Eqs. 16a and 16b, and also by the following Appleton-
Hartree-type relation for the moving magnetoionic medium, obtained from
Egs. 50 and 51:

’

X,d
n2 2T 21 - L (58)
b* b2 - ad
where
d = 1+pw/p> p=<B2r2sin"e 2 . 2+w(1)2
L 2
1 . 2 w 1w
b = 1--5Y sin“® sz + 3 ---p2 B (59)
Py P,y Py
2
o
2 P 2
a = 1477 [ sin e\
2 2
Py Pp, /

Relation 58 is presented for the sole purpose of demonstrating what
happens to the Appleton-Hartree equation when the magnetoionic medium _
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[Figure 17 deleted in press
by authors.]
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moves. It is completely useless for numerical computations, since ¥
enters in all the operators when Vs £ 0.

That the general situation does not change very much for larger 6
values is borne out by Fig. 16. The wave transformations and couplings
are essentially the same as for 6 = 30°. 1In relation to wave propagation
the moving magnetoionic medium is almost simpler than the stationary
medium, in spite of thc fact that eight different waves can propagate in
the moving medium,

Obviously, a more careful analysis should be made of the transition
from a moving to a stationary magnetoionic medium (vo k:co/n). It is

clear that |n| can never be larger than co/vo for the drifting medium.
As v, —> 0 (i.e., kH and a —» ®), the Pq plot rapidly transforms into
the familiar Appleton-Hartree form.

6. STATIC MAGNETIC FIELD AT ANGLE 6 TO WAVE NORMAL,
IONIZED STREAM AT ANGLE 6

It is of prime interest to investigate what happens when the stream
makes some angle 9—98 with the static magnetic field, assuming electro-

static field conditions that would make this possible (for example in
a laboratory device).

If we introduce the drift velocity and cyclotron frequency components
i = = V = c
Vr T Vo8 ne:3 BT‘z:c:» VL ocoses B1., ]

(60)

W, = W, sin® w, = w.cosO (Y, = YcosB; Y

T H L H L = Ysin 9)

T

the dispersion relation corresponding to Eq. 50 can be written as follows,
assuming the stream direction, the magnetic field direction, and the wave
normal to lie in the x-z plane:
2 2 2 2
r?. - - --
(5= e, JL(r"-e Je +e5 1 =-(c )

Yy)ezz zZX zzeyx+szyszx (61)

where the €pq are the proper components of the dielectric tensor for the

homogeneous medium. We find that

2

2
X Y Y,
1 T T
e =1 - s ]-x(n ) (62)
ZZ (1‘BLP)2 (1‘BLP)2;Y2 2 1—Y2
X, X5 (
£ = - §Y [ 4 ] 63)
2y T (1..;3L1-')2.Y‘a 1Y%
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X, YT(YL-YB coa(G-—es)P ]
€ _ = — - BT
ZzZX (1_BLI-.)2 (I—BLP)Z - Y2 T
Y, Y
T'L
X, —= (64)
* %2 1oy?
X X
1 2 2
E = 1 = . 1-8,T')° - —= (65)
44 (1-BL1")2-Y2( BLr) 1-v?
Eyx = = J XIz [Y,-YB cos(8-6_)r]
yx (1-BLP) _Yz L s
X
=25 Y (66)
1-y* L
1 [YL-YB c.:ou(B-Ga)l"]2 2 2
Exx ™ 1 - X1 1+ > > + BTP
(1-B.T) (1-p, D)2-¥*
2
Y
- Xy (1015 (67)
1-Y

Closer inspection of Eq. 61 reveals that we still obtain an eighth
degree equation in y. Synchronous—-type waves (ptEx ~ 0) do not couple
even to this more general system.

From Egs. 62 to 67 it appears that the original eighth order equation .
is only perturbed slightly when |6 - GS| # 0. We find that the general

nature of the interaction between the whistler mode and the stream does
not change appreciably when |9 - GSI has moderate values.

ACKNOWLEDGMENT

The authors are very indebted to Dr. Donald T. Laird, director of
the Penn State Computation Center, for most generous computer advice and
assistance without which none of the complicated graphical presentations
of this communication would have been possible.

110




REFERENCES

1.

R. M. Gallet and R. A. Helliwell, Origin of '"Very-Low-Frequency
Emissions,"” J. Research Natl. Bur. Standards, 63D(1):21-27 (1959).

0. E. H. Rydbeck, Research in the Field of Propagation and Inter-
action of Electromagnetic Waves and Space Charge Waves in Homogeneous
and Inhomogeneous Media, Research Rept. No. 21, Research Laboratory
of Electronics, Chalmers Univ. Technol., Gothenburg, 1960.

0. E. H. Rydbeck, Dynamic Non-linear Wave Propagation in Ionized
Media: 4, Non-linear Electromagnetic Wave Propagation and Harmonic
Radiation in Magneto—ionic Media, Research Rept. No. 30, Research
Laboratory of Electronics, Chalmers Univ. Technol., 1963. See also
paper II herein.

0. E. H. Rydbeck, The Propagation and Coupling of Waves in Inhomoge-
neous Media, Research Rept. No. 7, Research Laboratory of Electronics,
Chalmers Univ. Technol., 1960.

0. E. H. Rydbeck and H. Wilhelmsson, The Influence of Electron Velocity
Distribution on Space Charge Waves, Research Rept. No. 1, Research
Laboratory of Electronics, Chalmers Univ. Technol., 1959.

111



NOTE

The following abstracts and papers
are arranged in the order in which
their titles appeared on the con-
ference program.

=
(o]
B~



NONLINEAR WAVE PHENOMENA IN PLASMAS

P. A. Sturrock
W. W. Hansen Laboratories of Physics
Stanford University, Stanford, California

[Dr. Sturrock's contribution condensed a series of lectures he pre-
sented at the Advanced Plasma Theory Course of the International School
of Physics 'Enrico Fermi,' Varenna, Italy, July 1962. The Varenna lec-
tures are normally published as a supplement to the Nuovo cimento. The
informing study was supported by the U.S. Air Force Office of Scientific
Research, under grant No. AFOSR 62-326. ]

ABSTRACT

This lecture treats the nonlinear theory of waves in plasmas, being
concerned principally with electrostatic waves (plasma oscillations) in
homogeneous plasmas free from magnetic fields, but including discussion
of the coupling of plasma oscillations to electromagnetic waves.

It is recalled that a one-dimensional disturbance of a cold plasma
oscillates indefinitely at the plasma frequency, provided the amplitude
is below the critical value that leads to crossover. It is also recalled
that a plasma of nonzero temperature can support an arbitrary traveling-
wave pattern, provided the velocity distribution is chosen appropriately.

The more general theory of electrostatic waves in plasmas is devel-
oped, with the restrictions that the temperature is taken to be zero and
nonlinearity is treated by a perturbation procedure. This ''fairly small
amplitude' approximation is analyzed by the ''derivative expansion' tech-
nique. The wave interaction kernel, to which this calculation leads, is
investigated, and it is shown that a certain group of terms leads to
modification of the dispersion relation of plasma oscillations, the form
of this relation being similar to that derived in the linear theory of a
thermal plasma, although the effect is substantially smaller and inde-
pendent. The wave interaction process also leads to the exchange of
energy between waves, and hence to the damping of a test wave due to
interaction with an assembly of weak background waves. The decay time
is estimated, and it is found that for sufficiently long wavelengths,
damping due to nonlinear interaction would be more important than Landau
damping.

The nonlinear theory of interaction between plasma oscillations and
electromagnetic waves is developed by a similar perturbation approximation.
In this analysis, the derivative-expansion technique is extended to allow
for slow spatial variations of amplitudes as well as slow time variations.
This theory demonstrates that, owing to the nonlinear character of the
equations, there is electromagnetic radiation from plasma oscillations,
the radiation occurring dominantly at the second harmonic 2ab.
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The problem of radiation from plasma oscillation is also treated
by Green-function integration of the approximate wave equation, treating
the plasma oscillations as unperturbed by the presence of the electro-
magnetic waves. Formulas for the radiation power and damping time of
the plasma oscillations are derived in this way.
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THE QUASI-LINEAR THEORY OF PLASMA OSCILLATIONS AND INSTABILITIES

S. E. Bodner and E. A. Frieman
Plasma Physics Laboratory, Princeton University
Princeton, New Jersey

[Mr. Bodner spoke from the contribution of the authors, under this title,
to the Seventh Lockheed Symposium on Magnetohydrodynamics (to be pub-
lished). Their work was accomplished under the auspices of the U.S.
Atomic Energy Commission. |

ABSTRACT

The quasi-linear theory, first discussed by Drummond and Pines (1)
and Vedenov, Velikhov, and Sagdeev (2), is designed to treat the long-
time behavior of weakly unstable plasma oscillations. The usual
linearized theory keeps the spatially averaged distribution function
time independent and determines the growth rate of the unstable waves.
The quasi-linear theory considers the time dependent interaction between
the particles and the waves.

Recently (3) the theory has been extended to include the nonlinear
interactions between different modes of oscillation. The goal of the
theory is then two coupled equations. The first describes the time
rate of change of the spatially averaged distribution function; the
second, the time rate of change of the spectral energy density. The
theory has already shown that weakly unstable electron plasma oscilla~
tions tend to stabilize. The asymptotic behavior can be derived.
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RADIO BURSTS FROM THE SUN

M. H. Cohen
Center for Radiophysics and Space Research

Cornell University, Ithaca, New York

ABSTRACT

Type 11 and Type III meter wavelength bursts from the sun drift
downward in frequency with time. It is commonly accepted that this
drifting results from an agency which moves out through the solar atmos-—
phere, exciting the local plasma frequency as it goes (1,2). The details
of the generation of the radio waves, and of their subsequent propagation
through the solar atmosphere to the earth, are not at all clear, but non-
linear and particle-wave interaction phenomena are certainly involved.

The drifting rate of Type III bursts corresponds to an upward ve-
locity of 1/4 to 1/2 c, where ¢ is the velocity of light (2). The
primary agency with this velocity must surely be a stream of charged
particles. A two-step process (3,4,5,6,7,8) is regarded as generating
the radio waves: (a) The particles excite longitudinal plasma waves by
Cerenkov radiation; (b) the plasma waves are partially converted into
transverse waves, which can propagate freely to the earth, by scattering
on inhomogeneities in electron density.

Type 111 bursts often have a second harmonic. The Cerenkov spectrum
(5), however, is concentrated just above the local plasma frequency, so
the second harmonic is not generated directly, but rather comes from the
second step, the scattering process. The density inhomogeneities respon-
sible for this frequency doubling must themselves be plasma waves (6).
This is also called combination scattering (3). Thermal fluctuations
excite plasma waves, but it is very difficult to obtain the required
intensity of second harmonic (as intense as the fundamental) by thermal
excitation alone. It appears as though this scattering and generation
of the second harmonic results when the Cerenkov plasma waves scatter
off their cousins, the waves which have been generated a moment before
by some preceding particles. There will be a continual overtaking and
scattering of one wave by another because the Cerenkov spectrum is dis-
tributed both in angle and in frequency, and each component has its own
group velocity.

The fundamental of a Type III burst may be obtained by scattering
of the Cerenkov plasma waves on the ion component of thermal density
fluctuations (3,6). This component consists of damped ion waves and
has a spectrum of its own, so that the Type III spectrum is the convo-
lution of the Cerenkov spectrum and the fluctuation spectrum (6).

A rough estimate shows that about 10°! particles are required to
produce a medium-intensity Type III burst. This assumes that all parti-
clgs radiate independently, that is, incoherently. If a volume of 10°°
cm” is assumed for the source region, this gives about 10 particles per
cubic centimeter or several hundred per Debye sphere. But if there are
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many particles per Debye sphere, they must radiate partly coherently.
This idea drastically reduces the required number of particles, so there
might be a few per Debye sphere, radiating partly coherently. The theory
of this situation has not been worked out, although the extreme cases

are well known. Very many particles per Debye sphere is the two-fluid
situation, with the plasma waves generated by a two-stream instability
limited by nonlinearities (3,4); one particle per many Debye spheres is
the independent particle situation, with the plasma waves generated by
incoherent Cerenkov emission (5).

The drifting rate of Type II bursts corresponds to an upward ve-
locity of 1000 to 1500 km per sec (9,10). It is thought that the primary
agency with this velocity is a shock wave. Because the theory of the
shock wave and its interaction with the plasma is very involved and in-
complete, the theory of Type II bursts is less developed than that for
Type III.

It is possible that electrons running through the shock front di-
rectly generate the transverse electromagnetic waves that we see as the
Type II burst (11). But the shock wave may act in some way to accelerate
particles until they radiate Cerenkov plasma waves that scatter off den-
sity irregularities (possibly the shock front itself). In this view the
Type II is a superposition of many small Type III's. This idea is rein-
forced by the apparent clean bursts, like Type III's, that are sometimes
superimposed (herringbone structure) on the slower drifting Type I1I back-
ground (9), and by the observation that the second harmonic appears to
come from lower in the corona than the fundamental (6,8). A likely
situation is that both of these processes are going on; the smooth back-
ground of the Type II is somehow generated by the shock wave, and the
sharp superimposed structure comes from particles accelerated by the
shock (12). Laboratory experiments on shock waves in plasma might well
help in selecting the right mechanism for the Type II.

Most Type II bursts have a second harmonic, but not a third. This
is readily explained by the two-step process, as for the Type II1 bursts
(3,4). A different possibility (1l) is that the density ratio across
the fast shock wave is 4, and therefore the plasma frequencies just
ahead of and just behind the shock wave differ by a factor of 2. These
two plasma frequencies could be excited essentially simultaneously by
fast particles,

Many Type II bursts show a split structure; that is, both fundamental
and second harmonic bands are split into two bands each, with separation
of the order of 10 Mc/s. This splitting has been thought due to a mag-
netic field, and various attempts to explain the splitting have been
made, generally based on positions of zeros and singularites of the mag-
netoionic dispersion equation. The most plausible suggestion (13) is
that the two frequencies correspond to the extraordinary mode singularity
for 6 = 0 and 8 = 77/2. Waves are generated near these singularities by
Cerenkov radiation. The waves correspond closely to plasma waves, and
they might be converted into the magnetoionic modes that can escape to
the earth by scattering on the ion component of thermal density fluctua-
tions.
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Polarization observations (14) show that Type II bursts are always
unpolarized, both fundamental and second harmonic, split and not split.
This observation by itself cannot be used to rule on any of the foregoing
ideas concerning Type II's. For lack of genuine knowledge, one can al-
ways assume that the magnetic field is sufficiently disordered in the
vicinity of the shock wave that the integrated effect over the whole
source is an unpolarized radio wave, regardless of the mechanism.

Type 111 bursts, on the other hand, are often in part circularly
polarized (14), and more rarely show weak linear polarization (15). 1t
is not clear whether these polarizations result from something intrinsic
in the source or from some effect of the propagation through the long
plasma path to the earth.
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SOME INVESTIGATIONS OF
INSTABILITIES IN ONE-DIMENSIONAL PLASMAS

John Dawson
Plasma Physics Laboratory

Princeton University, Princeton, New Jersey

[Dr. Dawson's contribution was based on a paper, titled the same, which
he presented at the University of Paris, September 1962. The text has
been published in Service de Physique des Plasmas, vol. III, Laboratoire
des hautes energies, Universite de Paris. The work reported was accom-
plished under the auspices of the U.S. Atomic Energy Commission. ]

ABSTRACT

One~dimentional plasma models (1,2) are used to investigate the
nonlinear behavior of a number of plasma instabilities. Three unstable
situations are investigated: case I, double stream instability; cases
IT and III, current instabilities.

In case I, two cold streams of electrons pass through each other
and through a fixed neutralizing background (3). The growth of the
unstable waves is accurately given by the linearized theory until the
density perturbation becomes comparable to the mean density. At this
time the streams rapidly break up, the velocity distribution becomes
roughly Maxwellian, and the instability ceases.

When an electron current is passed through a plasma composed of
electrons and cold, heavy, but movable ions, the plasma is unstable (2).
In case 1I, the streaming velocity of the electrons is less than their
thermal velocity, but greater than the velocity of ion waves (kTe/Mi)l 2,
resulting in unstable ion waves. In case 111, electron streaming ve-
locity is greater than electron thermal velocity. For both cases, the
current is maintained constant by an external electric field.

The high current problem exhibits violent instabilities, which
result in an anomalously large resistance and rapid heating of the
electrons. The instability turns itself off when the random electron
velocity becomes equal to the streaming velocity.

For the low current case, the plasma quickly stabilizes itself by
flattening out the velocity distribution in the vicinity of the phase
velocity of the ion waves, and there is little indication that the
plasma is unstable.
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SURVEY OF PROPAGATION PHENOMZNA, LINEAR AND NONLINEAR,
IN AN INFINITELY CONDUCTING COMPRESSIBLE FLUID

J. Bazer
Courant Institute of Mathematical Sciences
New York University, New York City

ABSTRACT

The propagation of weak hydromagnetic discontinuities (for example,
weak shocks) is discussed in Ref. 1. The medium is assumed to be a
nonviscous infinitely conducting compressible fluid. The undisturbed
medium is not required to be homogeneous, so that in particular the
density, fluid velocity, and magnetic field intensity may vary from
point to point. An initial discontinuity is assumed given on an arbi-
trary initial surface. The wave fronts that evolve out of this surface —-
there will be six of them, in general -- are obtained as solutions of
first order partial differential equations.

These "eikonal" equations are solved, as in geometrical optics,
by means of rays that are shown to satisfy Hamilton's equations and
Fermat's principle. The hydromagnetic analog of Huygens' wave front
construction is described. To complete the geometrical solution, the
variation of the disturbance strengths along the rays is determined in
terms of the disturbance strengths on the initial surface. A noteworthy
feature of this solution is that the fundamental modes of propagation --
the slow, Alfven, and fast modes -~ are uncoupled as long as the medium
is free of diffracting objects and surfaces of discontinuity.

The theory described in Ref. 1 is closely related to the time-har-
monic small wavelength type of geometrical solution, a detailed study
of which is given in Ref. 2. The two theories may in fact be subsumed
under one general formalism (2, page 154). As an illustration of the
general theory, Ref. 2 (pages 160-163) gives the complete geometrical
solution for the propagation of Alfven disturbances in a dipole field,
with the aid of explicit formulas. Fast wave propagation in various
types of inhomogeneous magnetic fields is also briefly discussed.

The problem of reflection and refraction of slow, Alfven, and fast
disturbances at surfaces of discontinuity, possibly curved, is treated
in Refs, 2 and 3. The hydromagnetic analogs of ''Snell's" law are
derived, and their relation to Huygens' wavelet construction is eluci-
dated. It is shown that the introduction of an appropriate set of
direction angles for the unperturbed magnetic field, on each side of
the discontinuity, (a) reveals the symmetries of "Snell's" laws, (b)
leads immediately to a simplification of V. C. A. Ferraro's laws relating
to the reflection and refraction of Alfven waves, and (c) makes possible
a simple graphical method for determining the angles and speeds at which
the various reflected and refracted waves emerge.

The nonlinear hydromagnetic piston problem is treated in Ref. 4,
with the aid of the methods and results developed in Refs. 5 and 6.
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The linearized piston problem is digCussed in Ref. 1. The geometric
setup is as follows. An infinitely conducting rigid magnet fills the
half-space x < 0; the half-space x > 0 is filled with a nonviscous infi-
nitely conducting compressible fluid. It is assumed that the magnetic
field is perpendicular to the interface, and that the fluid is at rest
and everywhere uniform. The magnet is set in motion with a uniform
velocity transverse to the direction of the magnetic field. This motion
causes both a longitudinal motion and a transverse motion, specifically
a fast hydromagnetic shock followed by a slow centered rarefaction wave.
The effect of this pair of waves is to adjust the motion of the medium
to the transverse motion of the magnet.

In the final steady state, which is achieved after the waves have
propagated out to infinity, the fluid has everywhere the same transverse
velocity as the wall, and a transverse magnetic field is present although .
none existed initially. A striking and basically nonlinear aspect of
this motion is that a region of cavitation (a vacuum between the magnet
and the fluid) can be created if the transverse velocity of the magnet
is sufficiently large compared with the sound speed in the initially
undisturbed medium.
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ON THE NONLINEAR THEORY OF MULTISTREAM ELECTRONIC DEVICES

C. L. Dolph and R. J. Lomax
Electron Physics Laboratory
The University of Michigan, Ann Arbor, Michigan

INTRODUCTION N6 5 Z 100 7 O

Most nonlinear theories of multistream devices such as the klystron,
traveling-wave tube Aand backward-wave oscillator are based upon a cold
plasma approx1mat10n in which a ballistic theory is developed from the
equations of continuity and force in Lagrangian form. The problem of
overtaking electrons, and the multiple streaming which then occurs, can
be overcome instead by introducing a velocity distribution. The density
function thereby defined is always single-valued in phase space. This
offers the possibility of using the velocity distribution as an artifice
to solve problems in which its effect is expected to be small and to
attack problems where its effect is expected to be significant.

The density method has frequently been used in the study of neutron
transport problems as they occur in the design of nuclear reactors, and
considerable effort has been directed toward the development of numerical
methods appropriate for high speed digital computers. This paper presents
a procedure similar to the so-called spherical harmonic method of neutron
transport theory, in a form suitable for a wide variety of microwave and
plasma devices. The expansions in terms of spherical harmonics of neutron
transport theory are replaced by expansions in terms of Hermite functions,
utilizing the systematic development of such expansions described by
Korevaar (1) under the name pansions.

Other methods developed for neutron transport theory can also be
adapted to microwave devices. In particular, the usefulness of the method
of invariant imbedding as developed by Bellman (2) and Wing (3) should
certainly be investigated.

The use of expansions in Hermite functions, or equivalently the
associated Hermite polynomials, is not new in transport theory. The
well-known paper by Grad (4) in which the thirteen-moment approximation
to the Boltzmann equation is developed, is based on a similar expansion
in terms of generalized Hermite polynomials. Many of the properties of
these functions, defined by Grad in Ref. 5, will undoubtedly prove use-
ful in later extensions of the one-dimensional problem to which the
present discussion is limited.

To gain experience and insight into the advantages and disadvantages
of the Hermite expansion method, the authors have so far concentrated on
the one-dimensional traveling-wave tube problem as determined by the
transmission-line approximation used by Brillouin (6), for example, and
the transport equation now known as that of Landau and Vlasov. The cor-
responding linearized problem has been treated by Rynn and Watkins (7).
At this writing, the detailed work on numerical procedures and program-
ming has caused some delay, and it is not yet possible to present results
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that can be compared with the existing nonlinear ballistic theory for

the traveling-wave tube. Because of this, attention will be concentrated
on the Landau-Vlasov transport equation, which is common to all similar
problems.

Specifically then, the method will be developed for the equation

%% + v-%% + 1 %%-%% =0 (n = e/m) (1)

subject to the normalized boundary conditions for a tube of unit length

£00,v,t) = 237 (v, t) (v > 0) (2)
£f(1,v,t) = 0 (v <0) (3)
£(x,v,0) = £©)(x,v) (-1 < x < 1) (4)

under the assumption that de/dx is known. In an actual problem, Jde/Ox
would represent the sum of several voltage gradients and could include

not only the transmission-line contribution but also a space-charge con-
tribution and a d-c contribution. Because at least part of this gradient
is affected by Eq. 1, realistic problems would involve a natural iteration
process superimposed on the discussion to be given here. Full details
necessary for this in the traveling-wave tube problem, as well as detailed
proofs of the development to be sketched here, will be published elsewhere
after numerical solutions have been obtained.

BASIC EXPANSION RELATIONS

In contrast to the neutron transport theory, it will be assumed that
the distribution function f(x,v,t) can be represented as

@

£(x,v,t) = T p(x,t) g,(v) (5)
k=0

where the Hermite functions ¢k(v) are defined by the equation

_2
e ¥ /sz(v)

ﬂ;/42k/2(k!)1/2

, (V) = (6)

The Hermite functions are readily seen to be orthonormal over the real
velocity line, and as demonstrated by Korevaar (1) they form a complete
set for even a class of generalized functions wide enough for most ap-
plications. Specifically, as shown by Widlund (8), this class includes
the generalized functions considered by Lighthill (9). The "good' func-
tions of Lighthill, considered as functions of velocity, are precisely
those functions g(v) admitting the expansion

[o]

g(v) = T g,0,(v) (7
(o]
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where the coefficients gy have the property that there exists a number
M(n) such that the inequality

lg, | <m(n)/(x + 1)*

holds for arbitrary n. Moreover, if the symbol (u,v) is defined by the
relation

@©

(u,v) = S u(x)v(x) dx (8)

-0

the class of generalized functions of Lighthill is precisely those func-
tions G(v) for which the series of numbers

@©

£ (6,8,)(s,8) (9
k=0

converges for all g in the class of good functions. Finally, the series
will converge only if there exist positive constants A and n, independent
of k, such that the inequality is

le,g) | <A@+ 1" (10)

Delta function singularities do not usually occur in velocity space,
but their occurrence would cause no difficulty since it is readily veri-
fied that d(v) admits the representation

= 1/a
B(v) ~ E: -1 2112 g;;T 8, (V) (11)
k=0 )

in which the last criterion is satisfied.

Further desirable properties follow from the fact that if the Fourier
transform of a function u(v) is defined by
1 ¢ iov
F(u) = — \ u(v)e ~%V dv (12)

r %

then it is readily verified that
F(g.) = (1) (o) (13)
Pyl = ?lo

In particular, this implies that all generalized functions in the sense
of Lighthill have Fourier transforms that lie in the same class. 1In
addition this property permits a partial realization of an idea enunci-
ated earlier by Dolph (10), in that it permits the evaluation of
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quantities such as density and current without knowledge of the full
distribution function. For example, the density is defined by

0 = S £(x,v,t) dv (14)

-0

and this is readily seen to be given by
(o]
= /2T F(£ =21 = , 0)(-1)3K 15
p =2 F() |, T op, (0e, (06D (15)

wherever f(x,v,t) admits the expansion Eq. 5, since
0) =0 16
810 (O (16)

In the application of this method to the transport equation it will
also be necessary to make use of the relations, proved for the example
in Ref. 1, that if f(x,v,t) admits the expansion Eq. 5 then

1
vi(x,v,t) = Z [(% + }i)%pk-i-l + <%)§pk'l]¢k(v) (17
(o]
and
d2(x,v,t) _Z[g LLE 5)% b (18)
v - = 2 2) Prt 2) Px-1 k(v)

REDUCTION OF TRANSPORT EQUATION TO A SYMMETRIC HYPERBOLIC SYSTEM
For reasons which will be explained, it is more advantageous to

apply the machinery of the previous paragraph to Eq. 1 after a trans-
formation of the form

o2
£ =gV /? (19)

Under this transformation, Eq. 1 yields

o8 og _ _ (de g _
at”i‘— “(ax 6% ve (20)

If the pansion expansion

[o0]

g(xiv)t) =Z gk(x’t)¢k(v) (21)
(o]
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is now introduced into Eq. 20 and the orthogonal properties of the Hermite
functions are used, the following infinite set of coupled equations results:

s (50 e (g 5

gJe( 2( )Egk-]_ (k =0,1,2, ...) ) (22)

If the one-parameter family of infinite Jacobi matrices is defined by
the relations

a8y = {a_(0)}
and
i6 (n\3 -i6 (n |, 1\3
amn(e) =€ (2) 6m+:|.,n te (2 + 2) 5m—1,n (23)
and the infinite-dimensional vector g = (g1, g5, - .) is introduced, this

infinite system can be written in the formally self—ad301nt form

)
1 E & [aog) = - 1 & [aw2) - a0)lg (24)

under the assumption that de/dx is a known function. That the system is
formally self-adjoint follows from the readily established identity in
which the superscript T refers to the transpose of the indicated quantity:

Sg[h + i F [a(0)g] + 1 ? (A(m/2) - A(O)J_g}

£ { 3 *1 é‘ [a(0)n"] + n [A(Tr/Z) - A(O)]hT} ] dx dt

= g i [p™g dx - p*i A(0)g dt] (25)

For any actual computation it is necessary to truncate the system
Eq. 22. 1f one sets

g, =0

amn(e)

0 (k, m, n > N) (26)

the resulting system is an N X N determined system. However, as in the
spherical harmonic method [compare the discussion in Welnberg and Wigner
(11) or Kofink (12)], such a truncation has the effect of introducing a
fictitious source term in either Eq. 1 or Eq. 20. This follows from the
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fact that the first neglected equation

dg 1,08
N, 1\3/ %N+l d M3 EN-1 e
(2 * 2) ( St S gN+1) * (2) ( 3x " x gN-I) =0 @n

leads to an inconsistency unless the term

(%)%(§§§:l - %ﬁ gN—l) (28)

is added to the right-hand side of it. Reversing the process that led
from Eq. 20 to the truncated system yields, instead of Eq. 20, the
equation for an approximate g, say g, of the form

aga aga de aga
vt S (50 ve,)
1,08,

This in turn implies that the corresponding approximate distribution
function fa satisfies not Eq. 1 but

of of of
2 v+ e _2
ot dx M 3x dv
1,08 _ o2
- (AR - B ) o a0

Therefore, in general, the truncation introduces a source except for those
velocities corresponding to the zeros of gy(v). These are just the zeros
of the Nth Hermite polynomial. But since

(o]

e
S vV /2¢N(v) dv = 0 (k =0,1,... N- 1) (31)

-=00

it follows from Eq. 30 that the first N moments of the approximate dis-
tribution function fa are governed by the same differential equations
as those which determine f, and that in particular they are unaffected
to this order by the fictitious source term. Moreover, since

x©

-
S V2 (v) av = 774 { 8 (M@ (v) v = 0 (32)

-0 -

the fictitious source term contributes approximately equal amounts of
positive and negative error on the average, so that its over—all effect

on the approximate distribution function is less than would otherwise
be the case.
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The substitution of g for f has one other advantage. From the rep-
resentation Eq. 21 it follows that the coefficients are given by

_o2
¢ 2 Hy(v)e v/ o f(v)H (v) dv
g = S feV /2 dv = k (33)
k ~ 1/a , .k ,\1/2 - 1/ ,,k .1/2
o T T (27k!) o T 5(27kY)
so that the density is given directly by
1/.
p =g (34)
o
while the current is given by
1/a
. T
J = 21/2 & (35

This remark, coupled with the foregoing discussion of the agreement of
the moments up to order N, fully justifies the use of Eq. 20 in place
of Eq. 1.

To reduce the truncated system Eq. 22 to symmetric hyperbolic form,
it is convenient to use the following theorems, which will be stated here
without proofs since these are quite lengthy and involved and are given
elsewhere (13).

Theorem 1. The N X N Jacobi matrix

{aij(O)} (i, j=0,1,... N-1)

A (0)

3\% i, 1\
%35 (2) .5 ¥ (2 +'§) ®im1,3

has the following properties:

(a) The determinant lAN - XIl = (-I)NHN(X)/ZN; hence the eigenvalues
of Ay are the roots of Hy(\) = O.

(b) The orthonormal eigenvector Qy associated with the eigenvalue
Ay has the components

(0}

Ck 2

QE:(——)HQ) (o=10,1,... N- 1)

a'k
2 ol

where Cx is a normalization constant given by

M1y

C =
[Hyg O TP

k
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Theorem 2. Let Uy be the orthogonal matrix, whose elements are
given by

v - (2N+1N!)% H, (V)
2tit Hea Oy

while those of its inverse Uy - 1 are given by

-1 T
W, )7 = U= W)

and let iBy = Ay (7/2). Then

1
UN ANUN = DN

where Dy is the matrix with elements (dij)’ dij =y Sij; and

~1
UN BNUN = CN

where Cy is the matrix with elements (cij):

5 1/(7\,i - Xj) (i #3)

=0 (i = 3)

If the transformation of this last theorem is now applied to define
the vector wy by means of the relations

By = Uty
~1
¥y = Uy By

the truncated system Eq. 22 takes the form

St P Mok - n(& S ) Wz) (37)
=0 'k '}
£#k

which, under the assumption that de/0x is known, is in the standard or
canonical form for a system of partial differential equations of hyper-
bolic type in two independent variables. The N distinct characteristics
of this system satisfy the equations

LA o (38)
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where

B () =0 (k = 0,1,... N - 1) (39)

BOUNDARY AND INITIAL CONDITIONS

A typical well-set boundary value problem, appropriate as an example
for the traveling-wave tube, requires that the following quantities be
specified:

£(x,v,0) = £C°)(x,v) (0<x<1)
£00,v,t) = £ (v, 1) (v > 0) (40)
£f(1,v,t) = 0 (v < 0)

In these expressions it is assumed that f(o) and f(l) are known functions.

From this information it is necessary to deduce appropriate initial and
boundary values for the wy(x,t) functions that occur in Eq. 37. Since
the boundary values cannot be satisfied exactly for all values of v, as
in the spherical harmonic method it is convenient to take an even trun-
cation of the system Eq. 22 so that an even number of roots are involved
in the characteristic direction of the hyperbolic system. Thus if the
roots of Hypy(\) = O are divided into positive and negative roots and the
positive roots are denoted by Xo"" XN-I and the negative by XN""
kZN;l where

A (£=0,1,... N - 1)

N2 C M

it is convenient to satisfy the condition at x = 0 for all velocities

V=>A, k=0,1,... (N- 1), and to satisfy the condition at x =_1 for
all velocities v = Ay, k = N, M1,... (2N - 1). 1If g(o) and g(l) are

defined by the relations

(o) £ v /2

g
(41)

]

2
g(1) PR /2

it may be shown with the aid of the transformation of Theorem 2 that

2N-1 o
A X,
glx,v,t) = ) ¢2§§v) w{(._v (42)
j=o J
and that
g(x,\ 1)
wk(x,t) = (43)

A 2N+1 ¢2N+1 (xk)
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Equation 42 is exact for all values of the velocity only if g(x,v,t) can
be represented by a finite series of the form Eq. 21. For an arbitrary
distribution function, however, it can be satisfied at the 2N distinct
zeros of Hoy(A). Imposing this requirement leads to the following boundary
and initial conditions for wk(x,t):

(o]
w. (x,0) = £ e (k=0,1,... 2§ - 1) (44)
§ L gy O)
g0t ]
w (0,t) = ——— (k=0,1,... N- 1) (45)
an+1 Pk ‘
w (1,t) = 0 (k = N,N1,... 2X - 1) (46)

since ¢2N+1(Xk) is nonzero when Xk is a root of HZN(X) = 0.

METHOD OF CALCULATION AND CONVERGENCE CRITERIA

The hyperbolic system Eq. 37, subject to the boundary and initial
conditions Eqs. 44, 45, and 46, has been programmed for an IBM 7090
computer by use of a difference scheme essentially the same as that
developed by Keller and Wendroff (14) for the neutron transport equation.
Some simplifications are possible for the class of problems under con-
sideration here, but the details are still involved and will be given
elsewhere. The same situation prevails for the proof that the difference
approximation really does converge to the hyperbolic system provided that
certain relations are maintained on the mesh ratios.

The situation concerning the convergence of the solutions of the
hyperbolic system to the corresponding solution of the transport equation
is less satisfactory. Even for the extensively exploited spherical har-
monic method, no general convergence proof seems to have been established.
Such a proof has, however, been carried through by Kofink (12) at least
semirigorously for the case of the Milne problem in neutron transport
theory. The appearance of the fictitious source term results in a non-—
uniform convergent process, and much care must be taken in this exactly
soluble problem to ensure that the spherical harmonic method will yield
in the 1imit the well-known Wiener-Hopf solution. The situation is much
better as far as convergence of the moments is concerned, and the exact
treatment of the problem, as well as the experience gained from use of
the method, seems to indicate that the method is eminently satisfactory
for them.

Though we do not yet have a complete convergence proof, we have been
able to use the theory of Jacobi matrices, as developed in Stone (15) and
Smirnow (16), to prove that the truncated Jacobi matrices introduced
earlier are in fact approximating operators to one and the same essen-
tially self-adjoint operator in Hilbert space; and moreover, that the
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Jacobi matrices A(8) are all unitary equivalent C matrices in the sense
of Von Neumann (compare Smirnow). The resulting operator has a simple
continuous spectrum covering the entire )\ axis. Hopefully, these results
will eventually permit a rigorous proof of the convergence of the solu-
tions of Eq. 37 to those of the transport equation in a Hilbert space
context, at least for the case where it is assumed that de/dx is known.

GENERAL OBSERVATIONS ON THE METHOD

Although our actual numerical experience with the described method
is still much too limited to permit firm conclusions, it tends to support
the over—all conclusions reached by Weinberg and Wigner (11) for the case
of the spherical harmonic method. The weakness of their method is also
present here. It consists essentially of the appearance of the Gibbs
phenomenon, or the nonuniform convergence of expansions of the form Eq.
21, in the neighborhood of an interface separating two media -- in our
case at x = 0 and x = 1. This phenomenon causes the calculated approxi-
mate distribution function to become negative in some regions where it
is supposed to vanish identically. The effect on the moments calculated
by this means is much smaller, since the resulting oscillation from posi-
tive to negative values contributes much less to any moment integral than
would the negative values alone. To any problem where this might prove
serious the modifications devised by Yvon (17) for the neutron case could
be adapted, but not without a considerable increase in computational com—
plexity.

Nothing in our experience as yet would seem to contradict the fol-
lowing general statement of Weinberg and Wigner (11):

At present, with so much of the practical work on reactor
design being done with large digital computers, the arguments in
favor of one method of approximation rather than another tend to
center around the question of how well suited the method is for
digital computers. Actually as the computers become larger the
choice between methods becomes less and less clear; any method
which converges will do if the computer is large enough. This
viewpoint certainly has practical merit; however, convenience
for a digital computer is hardly a substitute for intrinsic
mathematical beauty or physical relevance. 1In this respect the
spherical method is most satisfying; its first order is identical
with diffusion theory, and its higher order shows the deviations
from diffusion theory very clearly.

Finally, as we gain experience, we confidently expect that the method
developed here will eventually play the same role in a wide variety of
electron—-plasma problems as the spherical harmonic method does in neutron
transport theory.
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BEAM-PLASMA AMPLIFIER EXPERIMENTS

Paul Chorney
Microwave Associates, Inc.
Burlington, Massachusetts

° -
N65-10071 A\
ABSTRACT -\,)b
Experimental work is described that is directed toward demonsérating

the feasibility of using the beam-plasma interaction to amplify millimeter
waves. Discharges with plasma frequencies near 60,000 Mc were generated
by means of a dual hot-cathode Penning discharge at low pressures. The
densities were measured by Langmuir probe techniques. Extensive amplifi-
cation experiments performed at 10,680 Mc produced net gains as high as .
25 db and electronic gains as high as 60 db. The original study vehicle
was redesigned, and preliminary results show substantial net gains.

Several research programs are in progress at Microwave Associates
to determine the feasibility of using the beam-plasma interaction to
amplify microwaves. Most of the work has been concerned with the am-
plification of millimeter waves. Toward this goal, interaction experi-
ments have been conducted in X band, and densities have been generated
with corresponding plasma frequencies in the millimeter wave region.
Somg of this work is described here.

RINCIPLE OF BEAM-PLASMA INTERACTION AND AMPLIFICATION

Shown in Fig. 1 is a block diagram of a beam-plasma amplifier. It
is similar to any linear beam amplifier, except that the interaction
region is replaced by a plasma. In this amplifier an electron gun deliv~-
ers an electron beam to an input coupler, an interaction space, an output
coupler, and finally to a collector. The couplers usually are cavities,
helices, or other conventional tube couplers.

The operation of the amplifier is as follows. A signal is introduced
into the input coupler, and the input coupler transduces the signal to a
density modulation of the electron beam, or a bunching of the electron
beam. The modulated beam drifts into the plasma interaction region, where
the modulation of the beam grows exponentially because of the beam—plasma
interaction. (The beam-plasma interaction we speak of here is commonly
known as the two-stream instability.) The modulated beam emerges from
the plasma with enhanced modulation and passes through the output coupler,
where the modulation of the beam is transduced to microwave energy. If
the couplers and the plasma are properly designed, the output signal will
be greater than the input, resulting in amplification.

The very elementary one-dimensional theory for an electron beam
drifting through a cold, collisionless plasma predicts the propagation
constant

w o\ -3
k= & 4 _pb (1 _._RR) (1)
vV & v 2
0o ) v
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Lo §
[ 3

IDEALIZED
SYSTEM

LESS  IDEALIZED
SYSTEM

» W

“pp

FIG. 2. Theoretical frequency behavior of growth constant.
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when the dependence exponent (jwt - jkz) is assumed. In Eq. 1, w is the
radian frequency, v, is the drift velocity of the beam, is the plasma
frequency of the plasma, and Wpb is the plasma frequency of the beanm.

For frequencies below the plasma frequency, k is complex, the imaginary
part being given by

w (Dz -3
_-Bo( PP _ ;) 5
o vo(wg ) (2)

Equation 2 is sketched in Fig. 2, where it is seen that the gain
becomes infinite at the plasma frequency. This is the result of a very
idealized model. Figure 2 also shows qualitative results for a less
idealized model, that is, one which accounts for finite plasma tempera-
ture, collisions, finite geometry, and magnetic fields. The infinite
gain at the plasma frequency becomes finite, but the gain per unit length
is very large compared with that of interaction mechanisms normally used
in microwave tubes. Gains of 15 to 20 db/cm are typical.

Besgides the very high unit-length gains, the beam-plasma interaction
offers other attractions. High powers can be handled at high frequencies
(millimeter waves), since delicate mechanical structures are replaced by
the gaseous plasma. In conventional microwave and millimeter-wave devices,
beam interception and rf dissipation on delicate interaction structures
limit power—handling capability. Employing the plasma as an interaction
structure also eliminates the difficult problem of fabricating mechanical
structures with dimensions necessarily much smaller than the wavelength
of interest.

PLASMA GENERATION EXPERIMENTS

Several methods of generating high plasma densities were considered.
The method found to be the most practical and most efficient was the
dual hot-cathode Penning discharge. The experimental tube constructed
to study this discharge (Fig. 3) contains a Langmuir probe mounted on a
movable metal bellows that allows the probe to be positioned across the
diameter of the column. The spacing between cathodes is 1.5 in., and
the cathode diameter is 0.250 in. The cathodes are normally run at about
900° C. The gas atmosphere is mercury vapor, and the discharge tube is
operated in an axial magnetic field.

Some typical data from this discharge tube are shown in Fig. 4,
where plasma density is plotted against discharge current. Note that
the density seems to be linear with the discharge current. The spread
in the points is due to heating of the probe while the curves were being
recorded. The electron density and the plasma temperature are obtained
from the Langmuir probe curves. The plasma temperature was about 2 ev.
The magnetic field was 2600 gauss, and the background pressure was about
2 X 10 Torr. The highest densities shown in Fig. 4 correspond to plasma
frequencies of about 60,000 Mc. The voltage drop across the tube in pro-
ducing these plasma densities is about 15 v. The power expenditure is
therefore quite modest, about 75 w.
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The percentage of ionization is very high. At the pressure of
2 X 10~ Torr. the neutral density is about 6 X 10°% cm®. Low pressures
are necessary in beam—plasma amplifiers, because the mean free path of
the electron beam must be long so that the beam passes through the tube
without being scattered appreciably.

AMPLIFICATION EXPERIMENTS

Several vehicles have been constructed to study beam-plasma amplifi-
cation. In one of these tubes, shown in Fig. 5, the cavities are coupled
by means of loops to miniature coaxial lines. The cavity resonators are
of the common klystron variety, being re-entrant so that very strong
electric fields appear on the axis in the vicinity of the beam. The
plasma is generated by a Penning configuration. The distance between
cathodes is 1.5 in., and their diameter is 0.250 in. as in the plasma
testers. A hole in the center of each cathode allows the passage of the
electron beam, which is 0.040 in. in diameter and can be adjusted to
deliver several milliamperes at a few thousand volts. A detail of the
construction is shown in Fig. 6.

Extensive amplifier data was gathered from such a study vehicle.
The experiments were conducted at a frequency of 10,680 Mc, and the
magnetic focusing field was 1400 gauss. Table 1 gives some typical
amplifier data. In this table, Iy is the beam current, V, the beam
voltage, and Ip the plasma discharge current. For each setting two
gains are given, net gain and electronic gain. Net gain is defined as
the decibel equivalent of the ratio of output power to input power in
the presence of the plasma. Electronic gain is the decibel equivalent
of the ratio of output power in the presence of the plasma to output
power in the absence of the plasma, the conditions on the beam being
identical. The difference between the net gain and the electronic gain
is attributed to loss in the couplers. The electronic gain may be
regarded as the amplification due to the beam-plasma interaction.

TABLE 1. Typical Amplifier Data

Ib’ Vp, Ip, Net Gain, Electronic
ma volts ma db Gain, db
1.05 715 28 10 45
1.50 960 35 13 52
1.31 715 32 18 61
1.77 755 33 22 66
3.30 880 33 25 61

More amplifier data are shown in Fig. 7, where both electronic gain
and net gain are plotted as a function of the perveance of the beam. The
perveance K is defined by K = Ib/Vb3/2, which is directly proportional

to u%b/v%.
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A more refined study vehicle, recently completed, is shown in Figs.
8 and 9. The essential dimensions of the tube are identical to those of
the tube described earlier. The new vehicle is constructed entirely of
metal and ceramic disks, a type of construction offering many advantages.
For instance, the cavities can be tuned, whereas the tuning of cavities
in the previous tube was fixed. Incorporated into this vehicle is an
improved gun, which employs a hollow cathode. Only preliminary experi-
mental data are available at this time. A net gain of 30 db has been
observed with an electron beam of 1 ma at 1100 v, a frequency of 11,000
Mc, and a focusing magnetic field of 1300 gauss.

CONCLUSIONS

Experiments with the equipment here described have demonstrated that
substantial net gains can be obtained from the beam-plasma interaction.
These experiments have been conducted at relatively long wavelengths as
compared to our ultimate goals. Three-centimeter wavelengths have been
studied, whereas 4 mm wavelengths and shorter are of interest. The plasma
densities necessary for the amplification of 4 mm wavelengths have been
produced quite conveniently. The feasibility of amplifying millimeter
waves by means of the beam-plasma interaction has yet to be proved, but
present results are encouraging.
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EFFECT OF NONUNIFORM PLASMA DENSITY ON
ELECTRON BEAM-PLASMA INTERACTION

G. A. Swartz and L. S. Napoli
RCA Laboratories
Princeton, New Jersey

ABSTRACT '\!)C}'\’L”
A 23 kKMc microwave amplifier that utilizes the two-stream instability
as a gain mechanism was constructed. The two-stream instability is gen-
erated by passing a 1400 v electron beam through a cesium plasma 3 cm
long, with a density that can be varied in a rénge up to 10° ions/cm .
The plasma is generated by a Penning discharge. Microwave power is cou-
pled on and off the beam with helices. The electronic gain shows a
maximum at one or more measured plasma densities. The number of maxima
depends on the magnetic field, percent ionization of the plasma, elec-
tron temperature of the plasma, and the input power level. The maximum
electronic gain is 40 db, and the net gain for the tube is 8 db. A
probe placed in the plasma 1.5 mm from the beam indicated an increase in

the saturated ion current to the probe as the microwave power was in-
creased above 1 mw. 9f /
e

Numerous theoretical and experimental investigations of the two-
stream plasma instability have been carried out in recent years (1-8).
In our investigation of an electron beam interaction with a high density
cesium plasma, some interesting effects were observed that are believed
related to the plasma nonuniformity.

Observation of the rf signal gain as a function of plasma density
showed a maximum at one or more plasma densities. The number of maxima
and their relationship to the measured density depended on such factors
as magnetic field, percent ionization of the plasma, electron tempera-
ture, and power level of the input signal. The observations indicate
that a plasma density variation along the electron beam radius is respon-
sible for the occurrence of multiple maxima.

EXPERIMENTAL TUBE

A 23 kMc microwave amplifier that utilizes the two-stream insta-
bility as a gain mechanism was constructed. A schematic of the tube is
shown in Fig. 1. Electrons from a Phillips "L" cathode are accelerated
to 1350 v, and the electron beam is sent through an input helix coupler,
a cesium plasma 3 cm long, and an output helix coupler, to a collector.
The diameter of the beam is determined by a 0.035 in. ID drift tube in
front of the gun. A Penning discharge is used }o generate the plasma.
The plasma density can be increased to above 10 ® ions/cm®. A cylindri-
cal probe 0.025 cm in diameter and 0.5 cm long is placed in the plasma,
0.5 mm from the anode wall and parallel to the beam axis. The probe
lead is shielded from the plasma region back to the glass envelope.
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Holes 0.050 in. in diameter in the faces of the Penning discharge cath-
odes allow the electron beam to pass through the plasma. A magnetic
field parallel to the beam axis serves to confine the electron beam and
the plasma electrons in the discharge.

Cesium vapor is supplied to the discharge through a conical feed
tube extending from a cesium well beneath the discharge to a hole in the
discharge anode, The cesium well temperature is kept near 180° C. A
water jacket is placed around the drift tube of the electron gun to cool
the drift tube and the glass walls separating the electron gun region
from the rest of the tube. Cesium condenses on the glass walls and drift
tube. Thus the amount of cesium vapor that gets into the electron gun
region is minimized, and the vapor pressure in the gun region is kept
below 10 ° mm Hg. This allows operation of the gun at voltages up to
2000 v. The cesium is recycled via a tube connecting the cesium well to
a second water-cooled condenser. The remaining walls of the tube section
that houses the helices and plasma are kept at a temperature above 100°
C to ensure that all the vapor will condense on the water jacket walls.

The input and output helices are installed perpendicular to the
broad face of a K-band waveguide, with triple stub tuners in the wave-
guide to provide a proper match between the waveguide and helix. One
end of the waveguide is shorted, and the other end is open and butted
against the glass envelope. Another section of waveguide is butted
against the outside of the glass envelope, and microwave power is trans-
mitted through the glass envelope. It is expected that the system would
be improved if the waveguides passed through the envelope, but it proved
to be adequate for the experimental investigations described.

OPERATION

The tube is capable of operating as an amplifier, or with the addi-
tion of a feedback loop, as an oscillator. Microwave power fed through
the input waveguide to the input helix induces a space—charge wave on
the electron beam passing through the input helix. The wave is amplified
as the beam penetrates the plasma. Microwave power is extracted from
the space-charge wave as the beam passes through the output helix. The
microwave circuit is shown in Fig. 2.

The circuitry for the operation of the tube is shown in Fig. 3.
The electron beam current to the collector is about 1 ma. The anode of
the electron gun is raised to a potential several hundred volts positive
with respect to the drift tube, to form an ion trap and protect the gun
cathode from ion bombardment. The collector is biased positive with re-
spect to ground to prevent secondary electrons from traveling back along
the beam.

Power for the discharge is supplied from a constant voltage source,
and the discharge voltage is kept between 10 and 15 v. The most stable
plasma, as indicated by the probe, is produced with an 11 v discharge.
If the discharge voltage is less than 10 v, the probe indicates a 50
percent density fluctuation at a frequency of 100 kc. 1In an 11 v dis-
charge, the density fluctuation is reduced to 10 to 15 percent a
frequency of about 1 Mc.
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RESULTS

The variation of output power with plasma density was measured in
two different ways. In the first method, the discharge voltage is main-
tained at 11 v and the vapor pressure in the cesium well is slowly
increased. The rectified rf output (detecting-crystal current) is meas-
ured on an x-y recorder and plotted as a function of the ion current to
the procbe. 1In the second method, the discharge power is supplied by a
constant current source. The discharge current and the cesium vapor
pressure are maintained high enough to ensure a plasma frequency in the
discharge greater than the applied frequency. The discharge anode and
cathode are then shorted together, and the plasma is allowed to decay.
During the plasma decay, the ion current to the probe and the output
power are observed as a function of time on an oscilloscope.

Measurement by the first method of the electronic gain as a function
of the probe current is shown in Fig. 4 for various input powers. The
electronic gain in decibels is defined here as the log of the ratio of
the output power with plasma present to that without plasma present. As
the input power is increased, power saturation occurs, the gain decreases,
and two gain maxima appear. The separation of the maxima increases with
input power,

After much use of the tube, two gain peaks instead of one occurred
at very low input powers, as shown in Fig. 5. The electronic gain de-
creased by 10 to 15 db. At intermediate input power three gain peaks
were observed. Presumably, some of the plasma properties may have been
altered by some deterioration of the plasma cathodes. Figure 6 shows
the output power in arbitrary units as a function of the probe current
for various intermediate input powers. At 390 pw input there are two
obvious widely separated maxima and some additional structure. At 235
and 123 uw input there are three maxima, whereas at 19.5 pw input there
are again two maxima. Note that the two "low power' maxima appear at
the same probe current as the two minima that occur for input powers of
235 and 123 uw.

When the output power was measured in the decaying plasma, the
results were in some ways different from the results previously described.
At high input power, the results were the same. Two maxima occurred and
separated as the input power increased. At low input power, however, the
number of maxima is dependent on the magnetic field strength, the percent
ionization, and the electron temperature. Figure 7 shows simultaneous
oscilloscope traces of the output power and probe current for magnetic
field strengths of 1900 gauss and 1200 gauss. At 1900 gauss there are
two widely separated maxima, while at 1200 gauss the two maxima have
almost emerged into one. Figure 8 shows output power and probe current
traces with a magnetic field of 1700 gauss. The cesium well pressure in
(b) of Fig. 8 is 0.07 mm Hg and there are two maxima, whereas in (a) the
well pressure is 0.12 mm Hg and there is only one maximum.

In another experiment the magnetic field and cesium vapor pressure

were kept constant, but the electron temperature was varied. The dis-
charge power was decreased, and thus the initial plasma density before
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decay was decreased. The time from initiation of the plasma decay to

the time at which Wp = W is thus reduced. The electron temperature is
correspondingly higher, because the electrons have had less time to lose
their energy. With high energy electrons present in the plasma, a double
peak was observed; with more of the lower energy electrons present, a
single peak was observed.

As the 23 kMc input power was increased above 1 mw, the ion current
to the probe and the plasma electron current that reached the collector
increased noticeably. Figure 9 shows the probe current for two input
power levels. The input was modulated at 1 kc.

At input powers below 1 uw and 1 ma beam current, the maximum elec-
tronic gain under single-peak conditions is 40 db and the net gain for
the tube is 8 db. The output power, measured by the crystal detector,
is shown in Fig. 10. The power output fluctuated at approximately the
same frequency as the plasma density, that is, 1 Mc. The tube could be
made to oscillate by inserting the feedback loop shown in Fig. 2. Fig-
ure 11 shows the oscillation power in arbitrary units as a function of
frequency. The bandwidth is about 3 Mc.

DISCUSSION

With a low power input, the double-peaked gain curves can be trans-
formed to single-peaked curves by decreasing the magnetic field, increas-
ing the density of neutral cesium, which increases the electron-neutral
collision frequency, or decreasing the electron temperature. These
changes tend to alter the plasma density profile along the radius of
the beam.

The plasma density variation is dependent on the ratio of the axial
diffusion rate to the radial diffusion rate. This ratio is proportional
to the ratio of the ambipolar diffusion constant D to the magnet diffu-
sion constant Dg.

Dpy + Dy
D = —Ff. . *= (1)
a M, + U

where D and D are the diffusion coefficients of the electrons and ions
respectively, fnd g, and yu are the ion and electron mobilities (9).
With the Einstein relationship

D/u = kT/e (2)

and u+ much less than yp , D, can be expressed as

TL 1 TL
Da=D+(1+',IT+')='§V+,Z+(1 +",f:’) (3)
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where v = ion thermal velocity
ion mean free path
electron temperature
= ion temperature

+ A4S
i

With the ion gyro radius less than the cylinder diameter, the mag-
netic diffusion constant is (10)

2
r
1 c 1 YV
D = == "—=_"2‘_
B~ 3%-7 T3 - 2 (4)
- w
c
where v = electron thermal velocity
r, = electron cyclotron radius .
£_ = electron mean free path
W = electron cyclotron frequency
v = electron collision frequency
The ratio
D _ (H_T.-_) [%m g
DB I; T M P2
c
(3)
=(1+?) T M2
+ - v
where Qt = &_ =g, and m and M are the masses of the electron and ion
respectively.

As D,/Dg increases, the plasma density variation along the radius
increases and the plasma becomes partially hollow. A decrease in mag-
netic field tends to reduce the hollowness of the plasma. Calculations
indicate that for the discharge used in these experiments the electron-
ion collision frequency v; is the same order of magnitude as the
electron-neutral collision frequency vp. For ion-electron collisions

alone, v? « T2 and .
Da T 2.5
o= (1 + —) T (6)
T -
B +

Thus a decrease in temperature or an increase in neutral particles will
increase v and decrease D,/Dp, thereby reducing the hollowness of the
plasma.

For a high power input the effective electron temperature is in~
creased, as evidenced by the current measurements at the probe and
collector. The increased electron temperature is the result of the
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resonance phenomenon in the plasma. The additional electron energy will
increase Dy/Dg and thus also result in a partially hollow plasma.

Two of the mechanisms that may be involved in generating the ob-
served multiple peaks due to the partially hollow plasma are under
investigation. (a) The center and edge of the electron beam are in
resonance with the plasma only when 0 = wp at the center or edge, and
(b) the power in the space-charge wave on the beam is fed into a back-
ward wave mode that exists in a hollow plasma.

For the first mechanism, consider the following qualitative argu-
ment. A cylindrical electron beam of uniform current density j passes
through a plasma with a radially varying density. The plasma density
can change by An, over a resonance bandwidth at an applied frequency .
Since An. depends on the plasma electron collision frequency v, it can
be expressed in the form

r

c2
dn
An :S —
c Y da dA (7)
cl

where r,; and r,; are the radii where 1 - w%/u? = v?/0. The power out-
put P is a function of the beam current that passes through the resonant
section of plasma. In integral form

r
c2

POCS j dA (8)

r
Ccl

Because An, is fixed by v, the integral is maximized by minimizing dn/dA.
For a plasma density function that is uniform at r = 0 and increases at
large r and is of arbitrary form, such as

3
n= no(l +__1{_r_> 9)
1+r° /a°

where K and a are constants, there are two minima for dn/dA, at r = 0
and r = ©, Since only the region inside the beam is considered, the
second minimum is at r = b, the beam radius. Hence two power maxima
will occur as the plasma density at the probe is increased from zero.

The twin maxima could also result from absorption of power by the
backward wave mode when conditions in the plasma are such that the elec-
tron beam velocity is in synchronism with the phase velocity of the
backward wave.

It is possible that at low power input the first mechanism is res-
ponsible, and at high power input the backward wave mode is responsible.
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At intermediate power inputs, such as those shown in Fig. 6, both mecha-
nisms may be at work to give three maxima.

CONCLUSIONS

With a low power input, the double—peaked gain curves can be trans-
formed to single-peaked curves by decreasing the magnetic field, increas-
ing the density of neutral cesium, or decreasing the electron temperature.
All these changes tend to change the plasma density contour along the
beam radius from a hollow contour to a flat contour. For a high power
input, where multiple gain peaks are observed, the effective electron
temperature is increased, as evidenced by current measurements at the
probe and collector. The increased temperature decreases the diffusion
across the magnetic field, and the plasma density contour tends to be-
come hollow. The hollow plasma is apparently associated with the ‘
multiple gain peaks. The possible mechanisms involved in generating
the observed multiple peaks are currently under investigation.
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NONPLANAR PHENOMENA IN SINGLE AND MULTIPLE ELECTRON BEAMS

Theodore G. Mihran
General Electric Research Laboratory
Schenectady, New York

-~ ° « M ]
\o o>
Attention is directed toward nonlinear phenomena that occur in one

or more electron beams of finite radius drlfting in a region free from

external . fleIQ§ after'rece1v1ng density or veloc1ty modulation at an
input plane.

ABSTRACT

The one-dimensional single-beam bunching theory of Webster is
reviewed, and its modification in the case of finite diameter beams at
small signal levels as given by Hahn and Ramo is discussed. The need
for a large-signal finite beam theory leads to the disk-electron model
of Tien and co-workers. In calculations made by Webber this model
correctly predicts the phenomenon of harmonic growth, which subsequently
was verified experimentally by Mihran.

Paschke and Olving have recently developed a closed-form analytic
theory for this effect. New computer calculations are reported that
point up a basic disagreement with the Paschke-Olving theory in that
signal level is found to affect profoundly the functional dependence
of harmonic current with distance. Plots of phase shift versus distance
for the fundamental and the first two harmonic currents of a space-charge
wave are shown to give an excellent picture of the loss mechanism that
is inherent at medium signal levels in the propagation of space-charge
waves along finite diameter beams.

The extension by Yu and Mihran of the nonlinear disk-electron analy-
sis to the case of multiple electron streams of finite diameter is
discussed. Two applications of this analysis are given: (a) calculation
of the saturation characteristics of double-stream amplification, in
which the harmonic levels are found to exceed the fundamental level; and
(b) damping of a space-charge wave in multiple (four and eight) stream
flow, which again is found to be accompanied by pronounced harmonic

growth. One possible interpretation of this phenomenon is that it rep-
resents spatial Landau damping. ﬁﬂ

An electron beam is, by itself, a particularly interesting and use-
ful member of the class of plasmas. I use the word ''plasma’ here in its
most general sense, for electron beams do not meet the two requirements
most often encountered in the definition of a plasma, which are charge
neutrality and behavior independent of the plasma boundary. Nonetheless,
in electron beam problems we do deal with the dynamic characteristics of
a charged moving gas, and I welcome this opportunity to attempt to cor-
relate the large body of organized and verified knowledge that has
developed within the microwave beam tube art during the past twenty-five
Years with related phenomena in the plasma and propagation fields.
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In particular, some important insights into the nonlinear behavior
of electron beams have been gained recently as a result of the use of a
so—called 'disk-electron' calculation scheme. Much of what we shall be
considering in the latter half of this talk stems from the results of
such disk-electron calculations in both single and multiple electron
streams of finite diameter.

In many ways the electron beam as it is utilized in microwave tubes
constitutes a very simple plasma. It is very nearly collisionless, in
regard to both electron-neutral collisions and short-range electron-
electron interactions. It is a single-constituent plasma. Furthermore,
it normally has a very simple velocity distribution, a delta function
at the velocity corresponding to the beam voltage. All of these state-
ments are approximations, but they have proved to be useful in that they
simplify consideration of the dynamic problems of beams without altering
many of the basic wave phenomena of interest to us here.

In the mathematical consideration of electron beams two more assump-~
tions are commonly added to this list. One is the assumption of a
stationary positive ion core, and the other is the assumption of one-
dimensional motion. We will retain the first of these, but the second
will be relaxed to some extent and as a result there will emerge a new
class of nonlinear phenomena not present in the one-dimensional case.

The positive ion assumption can be shown not to alter the rf behavior
of the electrons in any way significant to our present interests, because
of the large mass of the ions compared to the electrons.

In Fig. 1 the specific medium and boundaries of the system with
which we will be concerned are shown. An electron beam is produced by
an electron gun to the left (not shown). The beam passes through an
input plane consisting of a pair of closely spaced parallel planes
across which a sinusoidally varying signal voltage appears. The elec-—
trons then pass through a drift tube, which constitutes a region free
from external electric fields. To keep the electrons from spreading
laterally in this region due to their mutual repulsion, a very strong
magnetic field is assumed to exist in the axial direction. Thus, in
truth, the electrons describe tight spiral trajectories as they travel
forward. The frequency of this cyclotron motion will be assumed to be
much higher than the operating frequency. This situation, referred to
as "confined" flow, is one of the two methods most commonly used in
beam-type tubes to counteract the radial repulsion forces of the elec-
trons.

After traversing the drift tube the electrons pass through another
set of grids, and then are collected. That completes the picture as far
as direct current is concerned. It is the waves that can exist in such
a system that interest us, particularly the waves in the drift space.
This setup is essentially that of a two-cavity klystron; the input grids
constitute the capacitance of the first resonator or buncher cavity,
and the second grids constitute the gap of the catcher cavity. It is
important to note that electromagnetic energy flows into the beam at the
buncher and electromagnetic energy is extracted at the output grids, but
that in the drift tube the energy is principally transported electro-
mechanically, not electromagnetically. The drift tube constitutes a
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circular waveguide, which in practice is always arranged to be operated
below its cutoff frequency so that electromagnetic waves cannot propa-~
gate through it.

Let us note two other conditions. The cyclotron frequency U 1is
much greater than the operating frequency ® in idealized confined flow,
and in general the operating frequency ® is much greater than the plasma
frequency. We will see shortly why the latter inequality holds, even at
extremely low signal frequencies.

The lower portion of Fig. 1 depicts a typical bunching pattern in
a high power klystron. For high efficiency performance the velocity
index —-- the ratio of peak a—-c bunching velocity v_ to d-c beam voltage
u -- is made larger than wp/®. This gives what ik called "ballistic
bunching' because space-charge forces have a negligible effect on the
electron trajectories. In this case some of the electrons actually over-
take one another, as evidenced by the infinite current spike that develops
along the drift tube, and optimum fundamental current occurs when an
interesting double-spiked current waveshape is developed. These current
waveforms are obviously rich in harmonic content, and the behavior shown
here is highly nonlinear. For two reasons, however, we will not further
consider this kind of nonlinear behavior. It is well known and has been
described clearly in the older literature (1), and since it does not
represent the flow of energy back and forth between two types of energy
storage, it is not a wave phenomenon in the strict sense of the word.
When we reduce the signal level considerably below wp/w, space-charge
forces do enter and promote wavelike behavior.

Before going into a detailed discussion of space-charge waves that
result when v /VO is small compared to wp/w, let me attempt to put this
phenomenon in terms more familiar to workers in the propagation and plasma
fields. In Fig. 2 we see that many of the elements of a klystron are
present in the region above the earth. Here again we have trapped charged
particles following B lines. If we visualize an input coupling system by
which electromagnetic energy from the earth is somehow made to modulate
the velocity or density of the charged particles, then in situations where
the signal frequency is higher than the effective plasma frequency, these
particles could conceivably carry energy electromechanically to an output
coupling region, as in a klystron. Whether or not this behavior actually
takes place in the exosphere is a question best left to those of you who
are specialists in such far-out phenomena.

Let us now take a look at what strikes me as an extremely neat method
of classifying plasma behavior. Shown in Fig. 3 is the so-called "plasma
pond," a name given by Stix (2) to a diagram proposed by Allis (3) and
others. 1 am grateful to Professor Holt and Mr. Haskell of R.P.I. for
calling this type of presentation to my attention. In Fig. 3 the square
of cyclotron frequency over signal frequency is plotted as the ordinate,
and the square of plasma frequency over signal frequency is plotted
horizontally. The cutoffs and resonances characteristic of plasma behav-
ior divide the pond up into several subponds in which the wave behavior
differs rather fundamentally. Two basic boundaries of the subponds are
the lines ¢ = ® and Wp = ®. Other boundaries are defined by the straight
line joining 1-0 and 0-1, as well as a parabola passing through the same
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two points. Finite plasma temperature adds another line at (w /®)° = 1/4.
Ion effects have been neglected in the present problem.

It is interesting to see where space-charge waves on confined-flow
beams fit into the plasma pond of Fig. 3. First of all, we have assumed
a magnetic field strength approaching infinity. The cyclotron frequency,
which is proportional to B, is therefore very large, and we are in one
of the upper three regions, 11, 12, or 13. As mentioned before, another
characteristic of space-charge waves is that the signal frequency is
always higher than the effective plasma frequency. This puts us near
the vertical axis in region 11, shown by the shaded area.

The utility of this diagram is greatly enhanced by the sketches of
the wave normal surfaces that appear in each of the thirteen regions.
Dr. Bazer has given us excellent insight into the meaning of such plots
earlier in this conference. Only two of these surfaces are shown here,
but Papa (4) has calculated them for each of the regions, for the case
of a warm electron plasma. The dashed line represents the wave front
of a wave traveling with the velocity of light; this is merely for ref-
erence. The solid surfaces represent the wave fronts of waves that are
characteristic of the entire region. If one dropped a pebble into each
subpond, waves would move outward in these shapes. These diagrams
preserve their topological properties as one moves within the confines
of any given region, although they are distorted elastically as one moves
about, especially approaching the boundaries.

The vertical direction on these diagrams represents propagation in
the direction of the magnetic field, and the horizontal direction is that
perpendicular to B. 1In region 11, the region of immediate concern to us,
we see that three waves are possible. The outer two are electromagnetic
waves; it can be shown that they are present for zero temperature beams
(3). The inner wave appears as a direct result of the electron tempera-
ture. It is the longitudinal plasma electron wave, and it is generically
related to the one we are concerned with in electron beams, for the other
electromagnetic waves are cut off in the drift tube.

Note the striking resemblance between the wave normal surface of
this wave and those of the slower waves to the right of the w_ = ® line.
The latter are found even in zero temperature plasmas and are therefore
electromagnetic waves, contrasted to the slow electromechanical wave we
are dealing W1th In fact, the slow wave in regions 12 and 13 represents
the "whistler" mode, which has come in for a great deal of attention
during this conference. Thus in regions 11, 12, and 13 we can have a
wave whose velocity is directed along the B lines and is slower than the
velocity of light. It may be helpful to remember that the waves we shall
be discussing in the rest of this talk occur when Wp << w, and are the
electromechanical counterpart of the familiar "whistler' modes.

So much for orientation. Now let us describe the linear properties
of space-charge waves on electron beams as a preliminary to moving on to
their nonlinear behavior. The simplest way to think of a space-charge
wave is to think of a moving beam of electrons neutralized by a fixed
core of positive ions, such as that shown in the top sketch in Fig. 4.
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Let us somehow reach into the beam and bunch the electrons periodically
with spacing A, a distance whose significance will become clear shortly.
Longitudinal electric field lines will emerge from each bunch, as shown,
and this will lead with time to an axial spreading out of the bunches.

Sometime later, when the whole beam has moved forward as shown in
the second line of Fig. 4, the bunches will have partially spread out.
The electrons have acquired outward velocities as a result of the action
of the electric fields, and the electric fields are reduced because each
bunch now encompasses more positive ions. Later the bunches will spread
out completely to form a beam of uniform density, as shown in the third
line of Fig. 4. The process does not stop here, however, because the
a—c potential energy of the bunch represented by the E field in the first
sketch has been converted into a-c kinetic energy in the form of periodic
velocity modulation of the electrons, as shown in the third line. These
velocities institute a rebunching process which leads, sometime later,
to a density modulation equal to the initial density modulation but of
the opposite phase.

You may recognize that this series of five sketches depicts a half
period of an electron plasma oscillation in a moving beam; the process
would go on indefinitely if there were no losses. The distance the beam
travels in this period is one-half a plasma wavelength, W“b/wp'

In a situation as in a klystron where the beam is velocity modulated
at an input plane, as in Fig. 1, the behavior is very similar to that
shown in the third line of Fig. 4. The periodic spacing is set by the
signal frequency ® and the forward velocity of the beam, and is simply
Znub/w' As the beam travels subsequently in the drift tube, electron
bunches are formed which increase in density until the space-charge
forces wipe out the velocity modulation, as shown in lines 4 and 5 of
Fig. 4. This is followed by a quarter plasma cycle of debunching, then
rebunching in the opposite phase, and so on. This behavior is sketched
in the lower portion of Fig. 4. Here we have a standing wave whose
period is set by the plasma frequency, with electron bunches rising and
falling as they move through it. This behavior is very closely related
to the behavior shown in the sketch above in Fig. 4, provided the rate
of growth is small; that is, \p << Ap, which means ®Wp/®w << 1. The case
shown in Fig. 4 is drawn for xb/xp = 1/8.

The sketch at the bottom of Fig. 4 represents the space-charge wave
regime of operation of a klystron. This is how all klystrons would
operate if driven at low signal level. If a sliding cavity were moved
along the beam to sample the rf current developed in the beam, it would
measure a current proportional to the envelope of this curve. Actual
experimental measurements (5) of this phenomenon are shown in Fig. 5.
These were made using an experimental setup in which the drift length
could be varied continuously from 1 to 21 em. 1In Fig. 5 the square of
output current is plotted versus distance for various drive levels. At
the lower drive levels, note that the variation of current with distance
is fairly sinusoidal, as space-charge wave theory predicts. As the drive
level is increased, we continue to get space-charge wave behavior until,

at the largest drive levels, we finally encounter a saturation phenomenon.

This is due to the crossover phenomenon mentioned in connection with
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Fig. 1. This phenomenon enters at an output signal level about 3 db
below the ultimate saturation value, which has a theoretical value of
Il/Io = 1.16.

Let us return again to the space-charge wave regime of operation
depicted by the lower curves in Fig. 5, for it is the nonlinear aspect
of this current behavior that interests us here. The equations for the
current variation in this case are given at the top of Fig. 6. Since
the current envelope is a standing wave, it can be written in terms of
two waves, one going slightly faster than the d-c velocity and one going
slightly slower. These are sketched in the upper diagram in Fig. 6.
Note that the spacing of the two waves from the d-c velocity is about
equal to w /W times u . (This is correct to the first order, but since
some of our later curves will show a slight phase shift, let me point
out here that to second-order, both waves are shifted upward by (wp/w)g
in relative velocity because only the first term in the expansion has
been retained in going from the first equation to the second. The lower
sketch in Fig. 6 is a more accurate representation of what the velocities
actually are.)

Let me make another point in passing. Later we will be interested
in double-stream amplification in which two beams mutually interact. It
can be shown that if we arrange to have the slow space-charge wave of
the faster stream travel at the same velocity as the fast space-charge
wave of the slower beam, as shown in Fig. 6, we will achieve very nearly
the optimum condition for double-stream gain. Later we will see the
results of a nonlinear calculation of such double-stream amplification
carried to saturation.

We will now consider the behavior, still linear, of space-charge
waves in single streams but now of finite diameter, and we will contrast
this behavior with that found in beams of infinite radial extent. Space-
charge wave behavior of finite diameter electron beams can be calculated
by two basically different methods. The oldest method treats it as a
linearized boundary-value problem. This was first done by Hahn (6) in
1939, using a linearized analysis based on seven equations: Maxwell's
four equations, the force equation, the equation of continuity, and the
definition of current. An entire book has been devoted to this approach
and its ramifications (7). Hahn gives us only linear behavior, but we
will look into it briefly for it gives us an extremely important concept,
reduction of the effective plasma frequency due to finite beam diameter.

How this reduction in effective plasma frequency comes about is
evident from the sketches in Fig. 7. 1In an infinite beam the E lines
are purely longitudinal and the beam is fairly "stiff," corresponding
to a natural oscillation frequency at the finite-beam plasma frequency
Wp. Consider, however, what happens when a finite diameter core is
removed from that picture and placed in a drift tube, as in the central
sketch in Fig. 7. This situation is no longer describable by a one-
dimensional or planar theory, for the E lines now fringe outside the
beam; some may even terminate on the walls of the drift tube. This leads
to a reduction of the stiffness of the beam, hence to a reduction of the
effective plasma frequency. Plasma oscillations will take place at a
lower frequency in this finite diameter beam than in the infinite beam.
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Hahn's space-charge wave theory enables us to calculate the reduced
plasma frequency, called Wq, and plots of wq/wp have been made by Branch
and Mihran (8) for a variety of beam geometries. These have proved to
be extremely useful in the microwave tube art. For a pencil beam the
ratio Wq/W, is shown at the bottom of Fig. 7. The abscissa here is b.
Note that »b is proportional to frequency. Another way to look at this
variable is to note that it is 77 times the ratio of beam diameter to
bunch spacing. It is evident that as beam diameter is reduced below
bunch spacing -- that is, if yb is less than 3 -- we begin to get a
significant reduction of the plasma frequency.

This phenomenon is responsible for a curious restriction found in
practical microwave tubes. An electron beam can never be modulated with
a signal whose frequency is below the effective plasma frequency of the
beam. If you try to reduce the signal frequency below the plasma fre-
quency, the bunch spacing increases and the finite-beam effect reduces
the effective plasma frequency lower still. Try as you will, you can
never operate a tube so that wq/w is greater than unity. I wonder if
it is possible that the finite lateral extent of the charged regions
above the earth leads to similar reduction factors at the extremely low
radio frequencies that are involved in some extraterrestrial propagation
phenomena. Again I must leave the answer to that question to specialists
in the propagation field.

Since we are interested primarily in nonlinear effects at this con-
ference, let us move on to a consideration of the harmonics that accompany
a space-charge wave in a finite diameter beam. On this subject linear
theory is silent, of course, so we must go to a completely different type
of analysis. Before we do, one bit of harmonic information can be gleaned
from the one-dimensional plasma oscillation model set up by Webster in
the second part of his classic paper dealing with klystron behavior 9).

Webster's theory predicts that the harmonic currents accompanying
a space-charge wave will nestle within the fundamental current, as shown
at the top of Fig. 8. This seems reasonable, but now let us ask what
happens in a finite diameter beam. We know that the plasma frequency
of the fundamental current is reduced, so the effective wavelength of
the fundamental component of current is increased, as shown in the lower
sketch of Fig. 8. But what do the harmonics do? Do they exhibit an
equal increase of plasma wavelength? This seems unlikely because, if
you recall from Fig. 7, the plasma frequency reduction factor is a func-
tion of frequency. From this we might expect the plasma period of the
harmonics to lie somewhere between the unreduced and reduced plasma
frequencies of the fundamental. For what actually happens, let us look
at the experimental data (10) in Fig. 9. We see the fundamental dis-
playing fairly conventional behavior with distance, but here is a
surprise: the second harmonic is found to grow with distance!

Can we calculate such behavior?  The answer turns out to be yes.
To do this we need a nonlinear theory valid for finite diameter beams.
Of several such theories that exist, one called the disk-electron analy-
sis (11-15) has been used with great success by workers in the microwave
tube field since 1955. This method of analysis is based on the model
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shown in Fig. 10. Here we see a beam of electrons in which a current
wave is growing. If the rate of growth per rf cycle is small, we may
calculate rf behavior by considering just one cycle's worth of electrons,
assuming this to be preceded and followed by identical cycles. This
assumption increases in validity as the ratio Wq/® is made smaller. We
then break the cycle's worth of electrons into N cylinders, and replace
these by N disks. This has been found to be a valid procedure if b < 1,

The behavior of these disks as a function of distance is then cal-
culated as a function of (a) their initial modulation and (b) the space-
charge forces that they exert upon one another as they travel. External
electric fields may also be taken into account in the drift tube, but
these are zero in our case. The calculation of the actual trajectories
is an arduous but straightforward task and calls for a computer, usually
the biggest and fastest one you can find. In our case we used an IBM
7090. With no modulation, if we plot time versus distance we will have
a series of straight lines for the trajectories of the disks, as shown
at lower left in Fig. 10. It is convenient to subtract out the average
slope of these lines, as shown at lower right in Fig. 10. We then have
Just a series of horizontal lines for the case of no modulation.

lation is imposed on the beam at Y = 0. These trajectories are the
result of a computer run in which N = 16. Distance increases vertically
in this plot; horizontally, we plot the phases of the electrons at vari-
ous distances from the starting plane. We see at the quarter-space
charge point that electrons, on the average, lose their inward velocity
and start debunching. To make the computation more revealing, we ask
the computer to perform a Fourier series at each increment of distance
and to calculate the first three harmonics of current. A typical result
for the fundamental and second harmonic (14) is shown in Fig. 12. Here
we see that the fundamental current is varying nearly sinusoidally, and
that the harmonic current is growing! This gives us great confidence in
our computational model, since the same behavior has been observed experi-
mentally (Fig. 9).

What is the physical reason for this unexpected harmonic growth? 1
call it the "staggered turn-around" effect. If we carefully examine the
calculated trajectories in Fig. 11, we find that the electrons do not
all reverse their motion at the same distance from the input plane as
they would do in an infinite beam. This is shown in simpler fashion in
Fig. 13; the electrons closest to bunch center encounter strong repulsive
forces characteristic of the full plasma frequency Wp, and therefore turn
around sooner than those electrons at the outposts of the bunch, like 6
and —-6. These latter electrons meet reduced repulsive forces due to the
fringing of the E lines, hence they turn around later than the inner ones.
This staggering of the turn-around points leads to a beam at the half
plasma wavelength point that has a pronounced second harmonic content
instead of being uniform in charge density. The second harmonic pertur-
bation forms the starting point for the second half-cycle of plasma
oscillation, which in the same fashion contributes still more second
harmonic current. This effect piles up for some distance before other

In Fig. 11 we see what happens when a small initial velocity modu-
consideration overcome the tendency to build up second harmonic current.
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Figures 14, 15, and 16 show detailed calculated results for the
variation of the fundamental and the first two harmonics with distance
in a typical case. The interesting point to notice is the phase shift
curves, for they give the most revealing clue as to whether the wave is
damping or growing. Figure 14 shows the fundamental current and its
phase. The magnitude is behaving as expected, but the phase shift shows
two characteristics we would not expect on the basis of linear space-
charge wave theory —- which, incidentally, is very much akin to lossless
transmission line theory (16). The first is the slope; the wave is not

moving along at quite the beam velocity, but is moving ahead of it at a
constant rate. It has been found that this tilt in the phase shift curve
is proportional to (d)q/(l))2 and is described by the second order correc-
tion for velocity mentioned in connection with Fig. 6. The tilt appears
in all the curves, and we shall speak of it no more. I should also point
out that the middle cycle of phase should be displaced upwards by 7. As
you remember, in a standing wave adjacent nodes are 180 deg out of phase
with each other. This phase shift has been removed in this and the fol-
lowing plots for convenience of discussion.

The really interesting aspect of the phase shift curve is the round-
ing that shows up in the vicinity of the current nulls. Taking our cue
from lossy transmission line theory, this slope indicates that a loss
mechanism is at work which extracts energy from the fundamental component
of current. Where does this energy go? Remembering that a positive slope
of phase shift is energy loss, let us look at the second harmonic in Fig.
15. Ignoring the tilt, we see that the phase shift now has a negative
slope. Obviously, the second harmonic is gaining energy, and it is rea-
sonable to expect that this energy is coming from the fundamental space-
charge wave, which is undergoing a loss. That the second harmonic is
gaining energy is evident in the growth of its magnitude.

The phase of the third harmonic, Fig. 16, displays even more inter-
esting behavior. It starts out with a negative slope, which reverses
itself and becomes positive. This wave evidently receives energy for
a while and then starts giving it up. The magnitude displays this be-
havior, too, but not nearly as cryptically as does the phase data.

With these recently calculated phase curves, I believe that we are
for the first time in a good position to understand the true nature of
the interchange of energy between the fundamental and harmonic space-
charge wave currents propagating in a finite diameter electron beam.

To complete this part of the talk, let me say that upon seeing the
experimental harmonic growth data of Fig. 9, Paschke (17,18) and later
Olving (19) developed a second order theory that predicts this phenomenon
analytically in closed form. Let me show, however, a final set of curves
computed by the disk—-electron method, which disagrees with the results
of Paschke and Olving.

The curves in Fig. 17 show calculated fundamental and harmonic cur-
rent at three different signal levels. To obtain these curves the signal
level was halved and then halved again; all other parameters were main-
tained constant. It is evident that the harmonic growth phenomenon
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appears only at the higher signal levels. At the lowest level we have
behavior very similar to that in an infinite beam (Fig. 8). But the
prediction of the Paschke-Olving theory is that the functional depend-
ence of current with distance is independent of signal level. 1In their
work, signal level appears merely as a scaling factor. Such is defi-
nitely not the case according to our calculations. Here is an interest-
ing discrepancy, which must be looked into further.

As our final topic, let us discuss some facets of space-charge wave
behavior in multiple beams. Here we approach one step closer to the
situation in a plasma, for we now introduce velocity distribution into
the problem. Several years ago I took some interesting data on the
propagation of space-charge waves along the electron beam, which pos—
sessed, among other things, a longitudinal velocity distribution. These
data (20) are shown in Fig. 18. The space-charge wave does not maintain
its magnitude at successive peaks, as we are used to seeing, but rather,
the peaks decrease monotonically. Furthermore, the standing wave nature
of the wave disappears, particularly at small d-c levels.

To try to explain this interesting behavior, we first applied
linearized distribution function theory. This method allows us to take
into account both space-charge and velocity distribution. In the experi-
mental setup there is reason to believe we are getting a fairly straight-
sided, flat-topped d-c velocity distribution function, whose width is
about 10 percent of the forward beam velocity. When linearized distri-
bution function analysis is applied in a typical case with this form of
velocity distribution, we get the variation of current shown in Fig. 19.
We see that distribution function theory predicts the reduction of the
first current maximum in agreement with experiment, but for distances
greater than a half plasma wavelength the agreement is poor.

Because I once suspected that the linearization of the distribution
function theory was the basis of this disagreement, Se Puan Yu of our
laboratory and I set about devising a nonlinear theory that would allow
for a distribution of velocities. Before discussing this theory let me
point out that it is possible, choosing a special type of velocity dis-
tribution function, to make the linearized one-dimensional distribution
function theory give a result that agrees most strikingly with the ex-
perimental result (21).

The special distribution consists of a half Maxwellian approximately
10 percent in width to the 1l/e point, extending upward from the d-c beam
velocity. This causes the fast space-charge wave to be damped by Landau
damping because it is in the middle of a downward-tilting velocity dis-
tribution. The slow space-charge wave is undamped, since it appears
below the edge of the velocity distribution function. If this inter-
pretation is correct, the experimental data of Fig. 18 may be interpreted
as spatial Landau damping, a phenomenon hitherto unobserved. Much as I
would like to think that it is Landau damping, I personally have a most
difficult time accepting the physical reality of the velocity distri-
bution function that must be postulated for this explanation to be valid.
Since the velocity distribution has not yet been measured experimentally,
we cannot exclude this interpretation. But though I am quite sure that
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velocity distribution effects are the source of the present phenomenon,
I feel that one-dimensional theory cannot describe what to me appears
to require a multidimensional treatment of the velocity distribution.

Let us now consider the nonlinear multiple beam analysis. Since
the disk-electron analysis had proved so successful in predicting the
nonlinear behavior of single electron beams, it seemed reasonable to
try to extend it to the case of multiple beams. The validity of using
discrete beams to simulate a continuous velocity distribution may be
questioned, but the consistent results we have obtained give us consid-
erable confidence in this method.

The theory of the disk-electron calculation for beams with velocity
distribution, as worked out by Se Puan Yu and me (22,23), is summarized
in Fig. 20. The variables are normalized distance y and normalized time
at fixed distance ¢. The instantaneous velocity is treated in terms of
a normalized deviation from the average velocity u , which is defined
in the usual fashion. As in the single-stream an&iysis, the method of
Lagrangian hydrodynamics is used in that the force equation is applied
to each disk individually. The key to the modification of the analysis
to allow velocity distribution is the introduction of a third variable
v that designates the initial velocity of each disk. The equation for
the approximate force between two disks is an exponential function of
the spacing between two disks, as suggested by Tien and co-workers (11),
except that it now is extended to allow velocity distribution by intro-
ducing the factor p(z',v_,t) dv_. The continuity equation is used to
refer p back to the input plane as usual.

So far we have allowed a continuous velocity distribution, but for
computer use we must replace the continuous distribution function f(vo)
with a set of discrete beams, as shown in Fig. 21. In most cases, four
or eight beams were used to simulate a rectangular distribution. When
this is done, the integro-difference equations ready for programming on
the computer take the form shown in Fig. 22. These equations are the
counterparts of the equations in Fig. 20. Equation 2 is the force equa~
tion.

I would like to call your attention to the new term Tan that ap-
pears here, which I call the force-—taper term. It is unity for most
force calculations, but when two disks approach so close to one another
that there is an overlap of the charge cylinders they represent, the
term scales the force linearly to zero proportional to the degree of
overlap. It can be shown (23) that this is a much closer approximation
to the true force than simply letting the force reverse instantaneously
as two disks pass through one another as is done by Tien and co-workers.
The presence of this force-taper term has a calming effect on the tra-
jectories, as we shall see.

The computer is asked to calculate the Fourier coefficients (Fig.
22), both magnitude and phase, at each y position. The "fallout' and
"surrounding cycles' corrections are essential, since we focus our
attention on only one cycle's worth of electrons. We allow the initial
conditions to consist of either velocity modulation or density modula-
tion, or both,
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To make the meaning of the calculated results clearer, let us look
at the curves in Fig. 23. Here a velocity distribution has been simu~
lated by four velocity classes. With no modulation we would expect four
overlapping sets of trajectories, as shown to the left in Fig. 23. There
are 16 particles in each of the four velocity classes, for a total of 64
particles. With 10 percent density modulation imposed on all velocity
classes, we get the trajectories shown in Fig. 24. These have been sepa-
rated here for convenience; in the actual calculation they are super-
imposed.

Before we look at the details of the trajectories and the results
of their Fourier analysis, let me give you a glimpse of the effect the
force-taper factor has. Notice the fairly laminar nature of the elec-
trons in the second velocity class in Fig. 24. In Fig. 25 this class
is shown for the same case but with the force~taper factor removed. It
is evident that the force-taper factor adds considerable stability to
the calculation.

Let us now look at the current behavior that our nonlinear analysis
predicts for space-charge wave propagation in a beam with a rectangular
velocity distribution. In Fig. 26 the results of a 128-particle calcu-
lation are plotted, starting with 10 percent density modulation. Only
four of the eight trajectory classes are shown. The fundamental current
is given in Fig. 27.

Does it look familiar? It should, for it is almost identical with
the result obtained from linear distribution function analysis, as is
evident from the direct comparison in Fig. 28. Obviously, nonlinear
terms do not affect the small-signal behavior of beams with a spread of
d-c velocities. This restores our confidence in linearized analysis,
and suggests that we must look elsewhere for the reason for the disagree—
ment in Fig. 19. We may also consider the agreement in Fig. 28 as a
check on the correctness of our newly developed multivelocity program,

Let us now return to Fig. 27 and look at the new information. we have
obtained. Notice the behavior of the magnitude of the third harmonic.
It reaches a value higher than the initial value of the fundamental! I
think it is significant to note that this takes place at about the same
distance that we first observe crossover within a velocity class, about
two space-charge wavelengths down the beam. This crossover behavior is
quite unexpected, especially in a beam of such low initial modulation.

One might be suspicious that this growth is artificial and merely
depends upon the number of particles used. We could check this by in-
creasing the number of particles per velocity class from 16 to 32.
Unfortunately, this is too expensive, but let us look at the results
for current when the number of particles per cycle is reduced from 16 to
8, as shown in Fig. 29. Qualitatively, we have substantially the same
behavior as we had before, although things are a little lumpier, as we
might expect. The qualitative agreement between the currents in Figs.
29 and 27 suggests that the harmonic growth is a real phenomenon and
would persist regardless of the number of disks used. The plots in Fig.
30 show what happens when we return to N = 16 but use only four velocity
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classes. Again the crossover phenomenon is present (see Fig. 24), this
time accompanied by a large second harmonic as well as third.

As a practical application of our nonlinear analysis, I thought it
would be interesting to calculate the simplest multiple beam case, double-
stream amplification (24,25). To my knowledge, only linear analyses
exist for this phenomenon, and these are unable to predict the saturation
of the phenomenon. Our analysis can do this, so let us look at results
for the case of two beams, the fast wave of one coinciding with the slow
wave of the other as in Fig. 6. With a 1 percent density modulation on
both beams, the calculated result is shown in Fig. 31. The fundamental
current shows a gain with distance of more than 20 db before it levels
off at about 0.15 of the direct current. Note that the harmonics come
up fast and actually overtake the fundamental at the leveling-off point.

It is undoubtedly significant that this high harmonic content occurs
at the same distance at which crossover first takes place within each
beam, as shown by the arrows in Fig. 31. We are surprised to find satu-
ration and crossover taking place at such a low signal level. This seems
to be characteristic of the behavior of finite diameter multiple-velocity
beams, and is probably a result of the counterpart of harmonic growth in
single-velocity finite diameter beams, which we talked about earlier.

That about completes the story. Let me summarize what we have
learned.

(1) We discussed the physical picture of linear space-charge waves
in both infinite and finite diameter electron beams; this led to the
important concept of the plasma frequency reduction factor.

(2) We saw how a harmonic growth mechanism exists for space-charge
waves in finite diameter beams. This behavior is neatly charted by the
phase shift characteristics of the waves as calculated by a disk-electron
analysis.

(3) Finally, we discussed the extension of the nonlinear disk—elec~
tron analysis to the case of multiple electron beams, where we found the
interesting phenomenon of harmonic growth, associated with crossover
within a velocity class. Both of these effects are outside the regime
of linear one-dimensional theory.
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MULTIDIMENSIONAL NONLINEAR THEORY OF MICROWAVE INTERACTION
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boﬁA

The subject of nonlinear interactions between accelerated sttreams
(ions and/or electrons) and electromagnetic waves is discussed in the
framework of a Lagrangian analysis. One-, two—, and three-dimensional
analyses are developed, including arbitrary magnetic fields as specified
by ab/ax The cold plasma approximation is generally used but can easily
be removed. Digital computer solutions of the nonlinear equations yield
information on the growth rate and phase of the electromagnetic wave, in
addition to velocity, phase, and harmonic current values for the stream
charges as functions of distance and rf signal amplitude. Finally it
is shown that the nonlinear equations can be solved in closed form in
the framework of a hard-kernel bunch description of the stream charge.

;4L¢f4ﬂ+s

INTRODUCTI ON ——

In recent years the subject of nonlinear beam-plasma phenomena has
become of great interest in radio astronomy, ionospheric propagation,
and short wavelength coherent power generation. To understand and
exploit the essential features of beam-wave interactions in anisotropic
media, a general nonlinear analysis is required in order to calculate
energy transfer between system constituents. The many linear (small
amplitude) analyses that have been made give detailed information on
the wave propagation constants (eigenvalues), but do not shed any light
on the energy exchange characteristics.

Some nonlinear analyses of wave propagation in plasmas have .been
made using a one-dimensional model and neglecting the effect of electron
crossovers. Neglecting the crossing of particle trajectories permits
the use of fluid flow equations (Eulerian analysis) and thereby con-
siderably simplifies the problem. It is the purpose of this paper to
outline the use of a Lagrangian method of analysis for the study of
nonlinear wave propagation in plasmas and electron beams. This method
has proved quite valuable in the study of microwave electron~beam tubes
on the basis of a one-dimensional model.

The Lagrangian method allows for trajectory crossovers, and multi-
dimensional effects are easily included. The basis of the formulation
is the integration of the equations of motion along a dynamical trajec-
tory, summing all forces acting on representative charge groups injected
at some initial plane. The method is outlined here for both one- and
two-dimensional systems. In general, solutions are obtained by digital
computer methods, although under certain specialized conditions the
nonlinear equations may be solved in closed form. The assumption of a
cold plasma is made for simplicity, but this is not necessary.
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The Lagrangian formulation can and has been applied to the following
nonlinear wave interaction systems:

Electron beam, electromagnetic wave
Klystron
Traveling-wave amplifier
Backward-wave oscillator
Crossed-field amplifier
Crossed-field backward-wave oscillator
Double-beam interaction with either cavity coupling or
distributed wave interaction circuits
Electron beam-plasma interaction with either cavity coupling
or distributed wave interaction circuits

The wave propagation is described using equivalent circuit methods, ’
and interparticle forces are calculated with the aid of Green's-function
techniques. All of these nonlinear systems are solved as initial-value
problems. It is possible, however, with the penalty of greater computa-
tion expense, to solve them as boundary-value problems. The development
‘of the one-dimensional Lagrangian analysis and its application has been
given in detail in several articles (1,2,3,4); hence the details are
omitted here.

LAGRANGIAN ANALYSIS

To simplify the development, only one system of nonlinear equations
is given. An axially symmetric coordinate system is assumed, and an
electromagnetic wave is considered to propagate in the axial direction
along either a radio frequency circuit or a plasma column. The wave is
coupled to an electron beam that drifts along the axis of the system.
This beam-wave configuration is illustrated in Fig. 1.

The variation of rf voltage along the equivalent transmission line
is given by

Bzvgz,tg -2 zvgz,tg + 20Cd avagz,tg
t

atz ° azz

=+ v 2 _Bir+2acd§_q (1)
=X V%% (Btz Bt)

where ¢ = linear charge density coupled to circuit

v ,Z
o

characteristic velocity and impedance of transmission line

1/3
(ZOIO/4V0)

The upper of the two signs on the right-hand side of Eq. 1 is used for
forward-wave interaction and the lower for backward-wave interaction.
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For a cylindrical coordinate system in which the electron or ion

stream does not fill the circuit, the radial wave equation governs propa-

gation in the intermediate region. Thus

2
v V(r,z) - 1 97°V(r,2) =0 (2)
®  J3t?

It is convenient to introduce a normalized potential function of
the following form into Eq. 2:

A Z I -jd ij
W(y,%,0,0.) 2 R —22 A(y) ¥(x) eI & ¥] (3)
where y = sz/uo, axial distance
X = C(,ur/uo, radial distance
X = Cur /u_, normalized initial radius
o o o
® = ut
o o
q)(Z,I‘o,t) = (M/uo) - wt - ey
The radial propagation equation may now be written in two parts:
2 de de k \2
aA _ Ao X ey _ Ady e\ .
v Aljj(c dy) +A— (dx) Ay + 24 Al =0 (4)
dy’ dx
and
a6 a°e d26
- oyt - =X dA+A¢—X+2A—-‘k X 4 Ay —‘E—=o (5)
C dy/ dy dy dx ax® x dx

The radial coupling function is shown in Fig. 2.

The forcing function on the right of Eq. 1 is calculated from the
conservation of charge, pr drdz = pgr, drodzo, and is written as

b'
Oz
o= wa Po¥o —5% dr (6)
0

where Po = IO/Wb'zuo. In normalized coordinates Eq. 6 becomes

X

O
T+2Cu_ dx, (7)

30
o
)
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After introduction of Lagrangian variables and considerable simplifica-
tion, Eq. 1 may also be written in two parts:

C dy/ 4

X 1 21
_ 14Cb { [v[‘ V(x) cos 0@ xo dxé d®0
l+ZCuy(y,xo,®é,¢o)
0 0

2 2 dé \ 2
u_emm(y)[ﬂ_w?)_ - (1 - _._x) )
dy C

27
Y(x) sin 9 xé dx dd!’
* ZCdf T¥2Cu (v, % <I>',¢) ]} - ®
0

and

A(y)[—z 2 (1100)” | + 24400 ( -
y

b' 27
_ Y(x) sin @"x' dx' d@'
=+_£1_+_C_bl{ [
A® 1+2Cu (y, @’,¢ )

2T
V(x) cos o' xé dx do!
- 2¢d 1+2Cu (y x @',¢') ] } )
0

>

where dz/dt £ u [14+2Cu (y,® ,x ,8 )], axial velocity
o y o’ 0”0

dr/dt

ZCuouX(y,Qo,xo,¢o), radial velocity

>

dg/dt uo[(ZC/r) u¢(y,®o,xo,¢o)], angular velocity

In a cylindrical coordinate system the components of the vector
Lorentz equation are conveniently written as

2 2 v
9——13—1-(92) = InI(E ——-—°-+Br9£5) (10)
dte dt sc-r r dt
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ov
1d =48 _ 21" ¢c_ dr
rdt © dt ~ In] (Esc-¢ r 3 Oz dt) (1D

and
2, BVC
— = |n] (ESC_Z --g;-) (12)
dt
where E , B

sc-z sc-1’ Esc-¢ are the components of the space-charge fields

(coulomb interaction fields between particles), conveniently calculated
using Green's function techniques for the geometry involved.

These equations are quite general, accounting for particle motion .
about the axis of symmetry. The magnetic field is assumed to be wholly

axially directed. The general three-dimensional space-charge potential
is given by

CI x' dg! dx' e’ zle‘Y"
c = C(D Z 2 (2 6 ) e
S 2me a' Wb'e u

J (v

x') J (v x)

D 1?

fs

v£s[J9+ (v zs a'

« cos s(g - @") (13)

where a' = circuit radius
b' stream radius
@ angular position coordinate

After introduction of the previously defined normalized variables
and some simplification, the force equations for three-dimensional flow
take the form of Egs. 14, 15, and 16. The magnetic field terms appear
as the normalized cyclotron frequency, a%/ax The weighting functions,
which indicate the effect of interparticle coulomb forces, are shown in
Figs. 3 through 6 for an axially symmetric stream that has been divided
into six annular rings of charge.
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au (y,X ;q) @ )
v o’ o7 o [
Sy 1+ ZCuy(y,x0,®0,¢0)]

d@_(y)
= - [1 -C -—f%;—-] A(Y)¥(x) sin (@ - 6)

dA
+ C —E§Xz ¥(x) cos (9 - GX)

Xy
21
%) 2
1] 1 { - T @1
+'(aC o {vj‘ x: dx0 sgn (y —y') d °
X" _
a 0 0

v, vy 3 v 0T (v x"

, z e - (14)
2=1 [Jl(vzxa')]

and

du (v,x_,2 ,8 )
X o’ 0’0o v
ay [1 + zcuy(y’xo,q)o’gso)t]

dé
= A)C B cos (2= 0 ) + AICH) —F sin (o - 0 )
Xb'
0

2
'[‘ {vf‘ x' dx' 4o’
o o o

0

_}: . -vgly-y'l Jo(vzx')Jl(vZX)}
2
L, (v yx, 0]

“c Sb 1
+ (ZE) Uy + (Uﬁ) 2
2xa,

(15)

i
p—

£

and

¢ ,3)

au (yrx ’ w
1% o’ 0”0 - - |=<
Sy [1 + ZCuy(y,xo,®o,¢o)] = (a£> u (16)

Since the normalized radial and angular position variables have
been considered as dependent variables, the following additional equations
are required to complete the system,
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6 ®
d ) (y,0_,%_,8_) 2uy(y,®o,x 3 )

o’ o
+ = (17)
dy dy 1+2Cuy(y,®0,x0¢0)
y
u (y,x ,% ,8 ) dy
® - X (o] [e] (o]
x(y,xo, 3 ,) *o + 2C 1+2Cu (y,x ,® ,3 ) (18)
y o’ 0’0o
0
y
29 dy
¢(y’xo'CDo’¢o) =% +2C x 142Cu (y,x ,% ,2 ) (19)
y o’ 070
0

This system of equations describes a nonlinear traveling-wave interaction
between a stream and an arbitrary type of wave propagating medium. Either
forward-wave interaction (wave phase and group velocity in the same di-
rection) or backward-wave interaction (oppositely directed phase and group
velocities) may be investigated. Both problems are solved as initial-
value problems in which the system parameters are selected and the
dependent variables and their derivatives are given at the input plane,

z = 0. The details of parameter selection and variable specification

are not given here for reasons of brevity. (See Refs. 1, 3, and 4 for
these details and for a discussion of the method of solution on a high-
speed digital computer.)

The system may be simplified to a one-dimensional system for many
problems, providing that the transverse dimensions of the beam and the
plasma are not large. Beam-plasma equations have been derived on this
basis, including the interaction with a propagating electromagnetic
wave.

THEORETICAL RESULTS

The results from digital solution of the system described and other
systems of nonlinear interaction equations may generally be considered
in two categories, namely, those associated with the wave (amplitude
and phase) and those associated with the stream (velocity, phase posi-
tion, and rf harmonic current amplitudes). A typical set of results
for a three-dimensional space-charge flow in an axially symmetric propa-
gating circuit is shown in Fig. 7, where the gain of the rf wave is
shown versus distance as a function of the strength of the beam confine-
ment field as measured by a¢/w. These particular results have assumed
very weak interparticle coulomb fields. The gain is also compared with
the one-dimensional nonlinear results.

An interesting aspect of the charge flow is depicted in the dynami-
cal trajectory plots for the injected charge groups shown in Fig. 8.
Recall that axial symmetry persists, and hence each trajectory identifies
a figure of revolution. Since in the case shown there is no confining
Lorentz force, in the region of large amplitude rf fields the charges
move radially to the circuit and eventually are intercepted there.
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It is then necessary, of course, to modify the beam equations to account
for a reduction in current.

The rf velocity versus phase relation for the stream charges indi-
cates the strength of modulation and bunching in the beam, from which
information on the amount of kinetic energy converted to rf can be ob-
tained. A typical set of plots of the velocity functions defined follow-
ing Eq. 9 is shown in Figs. 9, 10, and 11 for we/w = 0.8, which amounts
to essentially confined flow. Notice that at a position of large rf
signal strength along the structure, a vortex develops in the dz/dt
versus @ curve at a phase position of 1.5 to 2 radians (maximum decelera-
ting rf field). A value of 1 + ZCuy greater than 1 indicates that those
charge groups have taken energy from the wave and have been accelerated.
But if 1 + ZCuy is less than 1, the charge group has given up energy to
the wave and is decelerated. As expected, those charges in the strong
decelerating field region are affected most by the wave and hence achieve
the largest radial and angular velocities as measured by u, and Ug .

For all of these calculations the "cold plasma' approximation was
used; that is, all charge-group velocities were assumed to be initially
equal. It is relatively easy to remove this assumption by giving the
injected charges and the plasma a distribution of velocities, following
a Maxwell-Boltzmann distribution, for example, by specifying the velocity
functions uy, u,, and Uy at y = 0.

ANALYTIC SOLUTION OF NONLINEAR EQUATIONS

The solutions of the nonlinear interaction equations presented in
the previous section were all obtained by digital computer methods. To
obtain a complete understanding of the energy conversion process, one
must accumulate a vast number of solutions and carefully analyze the
data. This procedure is both costly and time-consuming and is therefore
usually not completed. The question naturally arises as to whether the
nonlinear equations can be solved in closed form. The answer is for-
tunately affirmative, providing that certain assumptions are made
concerning the rf bunching in the stream.

At a position along the structure corresponding to a signal level
of 6 to 10 db below the saturation level, the stream is well bunched
and the predominance of charge is located in the decelerating phase of
the rf wave, as illustrated in Fig. 12. The beam is treated as a single
"hard-kernel’ bunch. As the rf wave continues to grow, this bunch gives
up kinetic energy and drops back in phase, thereby delivering less
energy to the wave. To maximize the energy conversion process, it is
desired to maintain ¢, invariant with distance. The one~dimensional
nonlinear equations (§) describing the dynamics of this hard-kernel
bunch have been derived as

2w

da(y) _ Sim %
dy 2T

d¢éj = sin Be (20)
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2T
cos g cos &
gﬂﬁ_{.b:_.____f. d¢"=____f_ (21)
dy 2mA(y) oj A(y)
0
du(y,s.) .
a4y~ " A(y) sin e (22)

and

L - 2u(y,8,)

e (23)

In order to maintain the phase position of the bunch ¢¢ invariant, the
phase velocity of the propagating circuit must be varied in a prescribed
manner. The necessary variation is given by

v (¥)

v
(o]

~1 - c(y° + 2A_¥) (24)

More exact closed~form solutions have been obtained, and are shown
in Fig. 13. Experimental data indicate that through such a phase~focusing
process the efficiency of energy conversion in a traveling-wave amplifier
(kinetic energy conversion) has been increased from 30 percent to approx-
imately 50 percent.

Using the hard-kernel bunch model similar calculations have been
made for other interaction configurations, and it has been found that
both potential and kinetic energy conversion systems may be analyzed in
this manner. These closed-form analysis techniques have not yet been
applied to beam—plasma interactions, but there seem to be no restrictions
on their range of application. It should be possible to extend them to
the study of many other nonlinear interaction phenomena.

CONCLUSIONS

A general method known as a Lagrangian analysis has been developed
to study nonlinear beam-wave-plasma interactions. The method is readily
adaptable to one-, two~-, and three-dimensional systems and various rf
and static field configurations. The equations for a three-dimensional
space~charge flow in a traveling-wave interaction system were presented,
and various typical solutions were given that indicate both beam and
wave characteristics.

If the hard-kernel bunch model of the stream is used, the nonlinear
equations for most types of interaction can be solved in closed form.
This method has the advantage of simplicity and elegance, and its results
yield detailed information on the energy conversion process.
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ON THE NONLINEAR THEORY OF
THE PLANE TRAVELING-WAVE TUBE

S. Olving
Research Laboratory of Electronics
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Gothenburg, Sweden

N65-10075

ABSTRACT '\CDC3'\‘
This paper deals with the nonlinear theory of a plane TWT model.

An infinitely wide electron beam interacts with an infinitely wide ho-
mogeneous slow wave structure whereby the difficulties associated with
radial boundary conditions are avoided. The nonlinear wave equation is
solved to the third order accuracy by the use of the method of successive
approximations. The one-valued velocity assumption limits the analysis
to the range well below the saturation level. Within this range, however,
the results describe such effects as the dependence of fundamental fre-
quency gain and output phase on drive power, and the production of the
first two harmonics. Furthermore, it is shown that by the use of suit-
able approximations one can write the nonlinear plane TWT equation in a
form very similar to the exact nonlinear plane klystron equation. From
this point on, one can deal with the plane TWT by the methods that have
already been successfully applied in the plane klystron case.

/4,7(,; T/ak

ce—
1. DESCRIPTION OF THE PLANE TWT MODEL

The principles of space-charge wave devices, such as klystrons,
double=-stream amplifiers, velocity step amplifiers, resistive medium
amplifiers, and microwave vacuum diodes, are most conveniently analyzed
using plane models with infinitely wide beams. Such models lend them-
selves to comparatively convenient studies of the basic effects in the
various devices. The price one has to pay is neglect of the important
phenomena produced by the fringe fields in real tubes. Nevertheless,
since the traveling-wave tube (TWT) is an extremely difficult object
to study, especially in the nonlinear region, it should be of some
interest to develop a nonlinear theory for the plane TWT model.

The linearized analysis of the plane TWT has been published else-
where (1). The plane TWT consists of an infinitely wide confined elec-
tron beam moving with a constant d-c velocity v, in an anisotropically
conducting homogeneous medium (Fig. 1). The medium represents the slow
wave structure, It has to be anisotropic, since an isotropic homogene-
ous medium would support plane TEM waves. The TWT mechanism depends,
however, on the presence of an electric field component in the direction
of the electron and wave motion, and thus requires a TM wave.

A simple T™M slow wave medium can be thought of as consisting of
closely placed straight parallel wires filling the whole three-dimen-
sional space. The wires are parallel to the y-z plane, and they make
an angle £ with the x-y plane. The angle £ corresponds directly to the
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FIG. 1. Infinitely wide electron beam moving in the infinitely
wide wire structure.

pitch angle of a helical slow wave structure. Mathematically we will take
the presence of the wires into account by letting the conductivity of the
whole space be infinity in the wire direction and zero in all other direc-—
tions. 'The wire medium is supposed, of course, to be transparent with
respect to the beam electrons, which move along the positive z direction.
The beam is confined by a very strong d-c magnetic field.

In the absence of the electron beam the medium supports a plane TM
wave with field components Ey, E,, and Hy propagating in the positive
(or negative) z direction with a phase velocity v 4 = c sin £ (¢ = velocity
of light). The constant phase and amplitude planes are assumed to be
perpendicular to the z axis, that is, d/9x = 0 = 3/dy. In the presence
of the beam, interaction will take place, and the four characteristic
TWT waves are easily found from Maxwell's equations.

2. 'THE NONLINEAR WAVE EQUATION

Let us define a quantity z (z,t), the displacement of an electron
from the position z, it would have if a—c forces were not applied. If
z is the actual position of the electron, one has the relation z = z5, + z .
Similarly we denote the electron velocity by v = Vo + vl, the convection
current density by i = i5 + 13, and the electronic charge density by
p=po+ p- The quantities indexed by o refer to undisturbed conditions;
the quantities indexed by 1 denote the change produced by the signal.

From the relations

dzl
T o2
1'1 = povl + vopl + lel (2)
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and

Bil apl
b S

one easily obtains (2) the expressions

e (4)
LT Po St

- - azl (5)
b = Po 3z

The nonrelativistic equation of motion is

=-Z& (6)

Relations 4 and 6 will now be used in Maxwell's equations in order
to obtain a nonlinear wave equation for zl. Maxwell's equations yield
for the T case with 0/0x = 0 = d/dy:

&

az = IJ'O .S'E-

OH_ OE

Sttt ™

BEZ
O=T, *e 35

where Mo and €, are the permeability and permittivity, respectively, of
free space. Iy and I, are the current density components:

I

I cos &
y

(8)
I
z

]

I sin &€ + i
1

where I is the conduction current density along the direction of infinite
conductivity. Since the electric field must be perpendicular to the direc-
tion of infinite conductivity, we also have the relation

E cos £E+E siné& =0 9)
y z

By the use of Egs. 4, 6, 8, and 9 in Eq. 7, one easily deduces the
desired wave equation.
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¥ Tz oy Tz & 3z
- - cos® £ ——= =0 (10)
2 v‘?h dt° dt® vgp dt®

dZ° at

where
_ - _ .
Voh = (eopo) sin £ = ¢ sin ¢

is the phase velocity of the TM wave in the absence of the electron beam

and
ep \2
(]
P me

is the angular plasma frequency.

Equation 10 is the exact wave equation in the system under consid-
eration. It is nonlinear on account of the quantity a® zl/dt as we will
see in what follows. It should be pointed out that Eq. 10 is valid only
in regions where overtaking does not occur, since it has been assumed
that the total convection current density in a plane z is given by Eq. 4,
I1f overtaking occurs, then z, is no longer a one~valued function of z and
Eq. 4 does not give the total convection current density, which we need
in Maxwell's first equation.

With d/dt = 3/3t + (v, + V3 )0/3z we obtain, after some elementary
calculations, the following nonlinear exact expression for a® z, /dt?:

d°z z (d3/32)(z. )° (2 )3(d°z /372°)
1 _ — 1/B ) + 1 + 1 1 (11)
at?>  (1792,792) (1232 /32) (1-3z /dz)°
where
5 = (a + d
1 25t T Vo 324
and
2 2 2
.21 =(_5___+ 2v 3 +v2 -a—)z
Btz o dt o > a2/ 1

Thus the dot denotes the linearized time derivative. Note, however,
that Eq. 11 is an exact expression for the electron acceleration. In
the case of the linearized theory (see Section 3) one would approximate
Eq. 11 by the expression dgzl/dt2 Qs%l
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The excess velocity v, is related to z, by the exact expression

dz zZ
1

v

1
1 dt T (1-5z1/az) (12)

Upon the insertion of Eq. 11 into Eq. 10 one would obtain the com-
plete nonlinear partial differential equation for z . Obviously this
equation, in spite of the simplicity of the plane TWT model, is an ex-

tremely complicated one. There is no hope to find a proper exact solution.

Nevertheless, it is interesting to note that the function eJ(wt_7z°),
where @ and y are constants (y is the same as in Eq. 16), is an exact
solution to Eq. 10. This solution is physically meaningless, since its

real and imaginary parts taken separately are not exact solutions to Eq.

10. But we will show in Section 6 that certain properties of the plane
TWT can be studied by the use of this solution.

3. THE LINEARIZED SOLUTION
If we linearize our wave equation (Eq. 10), the result is

Da =0 (13)

where D denotes the operator

>° 1 82)(82 > 2 82)
D= - + 2 T"‘ —_—
(atz Vih dt® dt* Vo t oz Vo dz=°

<
@ 2
- B0 ¢ O (14)
v at®
ph

and a; is the linearized electron displacement zy. An amplifying solu-
tion to Eq. 13 is

a = Ae™® cos (wt - Bz) = ARe [ej(a¢_7z)] (15)

where B = Rey and o = Imy (a is supposed to be positive). The complex
propagation constant y obeys the dispersion equation

(F = )y - 8 + B;Vi cos® £ = 0 (16)

which is obtained by inserting Eq. 15 into Eq. 13. The notations are

= w'v h propagation constant in absence of beam
o P
e = w'v mathematical beam propagation constant
o
Bp = a)/vo plasma propagation constant
P
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Equation 16 determines the real quantities o and B. For the ampli-
fying wave, o is positive. We are interested in cases where v, is very
close to v and where of << «f. Under these usual conditions y will be
very close to B, and y,. Hence Eq. 16 can be approximated by

(7 = 8)°(r = 7)) + 3 B2, cos® £~ 0 (1

Using the same assumptions in Pierce's (3) Eq. 7.10, we would get

Va4
(- 870 = 7 + (BO° (1 - 4o ==2) = 0 (18)

e
where C and Q are the well-known parameters defined by Pierce.

We observe that Eqs. 17 and 18 are equivalent if
&
c = 2 —f cos® ¢ (19)
oS

and if QC is a small number (4QC << 1). The latter requirement shows
that the plane TWT bears a close resemblance to the small-Q helical TWT
[strong coupling between beam and helix, beam radius equal to helix ra-

dius (4,5)].

Returning to Eq. 17, we introduce the notations originally used by
Pierce:

7 =8t BLC(ix - y)

4

o Be + Ber

and rewrite Eq. 17 in the form

(3x - ¥)®(ix-y-b)+1=0 (20)

1f |b| << Ijx - yl (that is, operating point near velocity synchro-
nism, the region of maximum amplification), we have the approximate
solution

(21)

The parameter x is associated with the exponential growth of the
wave (positive x corresponds to amplification), whereas y is related to
the propagation constant of the wave (Fig. 2).
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rameters x, y, and b are those of Pierce (3).
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In this connection it is interesting to compare the exponential
linearized amplification of the principal continuous-interaction-type
amplifiers. The electronic amplification is given by the factor

egIm(y)z. In Fig. 3 Im(y)/Bg is depicted versus £ /uf (assuming, as
usual, that cos® & ~ 1) for the following amplifiers, all adjusted for
maximum amplification: A, plane TWT (la); B, sheath helix TWT, the
radius of the solid electron beam equaling that of the helix (1b,4,5,):
C, plane resistive medium tube (6) and plane double-stream tube (3). In
the plane double-stream tube, a% = 2a>p1 where W, is the angular plasma
frequency of one beam alone.

4. THE NONLINEAR SOLUTION, METHOD OF SUCCESSIVE APPROXIMATIONS

It is well known that a set of three linear forward waves will be
excited at the input of a TWT. One of these will be an amplifying wave.
This is the wave described by Eq. 15. When the waves have traveled far
enough, the amplifying wave will dominate the other two. Hence, at the
distance where the propagation becomes nonlinear we need to consider
only the amplifying wave and the nonlinear effects associated with this
particular wave.

We want to make use of the method of successive approximations (7)
to find a third order solution to Eq. 10. This means that we think of
the solution in terms of a power series in Ae®?, the amplitude of the
linearized displacement (see Eq. 15), and we want to find the first three
terms in the series. The third term, which contains a nonlinear wave of
the fundamental frequency, allows us to study the low-level nonlinear
effects at the frequency w, and also describes the excitation of the third
harmonic 3w. The second harmonic 2w and a d-c correction constitute the
second term in the power series.

The total electronic charge density can never be positive; therefore
Po + P, <0. By the use of Eq. 4 one easily concludes now that az /dz < 1.
Assuming IBz /d3z| < 1, we expand Eq. 11 as follows:

dzz Oz dz.\ 2
1 1 1 oo
at? - [1 + 3z + (az ) ]Zl
L 5(21)2 azzl D s
+ (1 + 2 S7 ) Sy > (zl) (22)

Relation 22 includes the nonlinear terms to the third order. Expanding
Eq. 12 in the same manner yields

dz, Bz oz )
v = 1+ ——— + ] 23
L (az ) (23)
We will now assume that zl can be written in the form
z =a +a +a (24)
1 L 2 3
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where a < pe®® a = (Ae%?)® and a = (Ae®%?)® are the three first terms
of the power serie%. The linear tetm a is already expressed in Eq. 15.
By the use of Egs. 24 and 22 in Eq. 10 one obtains, upon equating terms
of equal powers in Ae%Z% the following three equations:

Dal =0 (25)

- S T Sal . O ;. .2
Daz B <8z2 . atz)[az % * dz (al) J (26)
ph

= 2 da
Da =-'(a - 1 9 )l: a '——2.2;
3 Vz dz 2 dz 1
ph

dz°

+ 5 (a a ) +( o ) a

1

aal a . 5 al
2575, (@) +
dz

+

(a,)? | (27)

The solution to Eq. 25 is known. Thus Eq. 26 is a linear nonhomoge-
neous wave equation. Its particular integral a, can be found by standard
methods. Once al and ag are known, one can attack Eq. 27 and find its
particular integral as. The results, written in complex notations, are

pa, = (ap_e®)ed (UE7F2) 8)
o~ e S e+ sl

+ - ——-(x +y )]} (29)
Bo?, &:(ABeeGZ)S[— % J3i(wt-p2)

_ (tp=33x) (PyP-2jxy) _(wt- Bz)] 30,

1-(y+b=3jx) (y-3jx)?

Equations 28 and 29 are exact solutions to Eqs. 25 and 26 respec-—

tively, whereas Eq. 30 is deduced with the same approximations as Eq.
17.
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2

d”z
Remembering that EZ - - = we can write E = E +4+E +E , where
€ 442 z z1  z2  Z3
E .
z1 _ (ABeeaz)eJ(U)t Rz) (31)
28 v _C% (=y+3x)°
e o
E .
2 = (Ageeaz)z % i1 + c(-y + jx)]ezJ(mt pz) (32)
ZGeVOC (-y+3ix) ’I
: ®
- 3 ' -
z3 ~ (ABeeCLZ)a(_ 3 e3J(wt Bz)
ZBeVOC (-y+jix)
2 .. J(wt-Bz
— (X2+y ~2jxy) € ( Fz) (33)
(-v+3x)°  1=(y+b=33x)(y-33%)°
mv-
in which: VO (= E—e_o_) denotes the beam voltage.
We also express the velocity v. = dz /dt by writing v. =V + v
1 1 1 11 12
+ v, where
13
v
11 1 az, j(wt=pz)
= - . 34
s - e e (3%)
v
1z 1 B 2
Y C(-y+jx) (AP,e )
25wt~ C .
’ {%[1+C(-y+jx)]e 3( Bz) + Z (y+3x)} (35)
v
13 1 N azyz (3 . 3j(wt-pz)
2 e~ R e
N j[(y+b-3:jx)(x2+y“°”-23xy) (-y+3jx)
1-(yrb-33) (y-35)%  CTTHIX)
1 §3z+jx27ej(wt-8z)} (36)
& (-yrix)
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From the relation i /io Bz /B(V t) we finally express the a-c
current density, writing il =i + i + 1 , where

11 12

22 = (ap %) el (UF7F2) (37)
(o]

i o

ilz = - (ABeeaz)zfl + C(~y + jx)]ez‘](mt Bz) (38)
o]

i

s azyal _ 9 . 3j(wt-pz)

i (ABee )3[ g €

(o]

= 5 {r#b=3jx) (Py®-2xy) ej(wt-ez)] (39)

1-(y+b=3jx) (y-3jx)°

In the synchronous case (b = 0) these results can be written in the

form
2{1 . 1
Bezl ~ R cos Z+ R (2 sin 22 273-)
- s3(3 7 73 .
R (8 cos 3Z + 75 COs Z+ 75 sin Z) (40)
E 1
——2%_ X R sin (z - 30°) - 2 R® cos (2% - 30°)
28 v @
eo
- R ‘:—- sin (32 - 30°) + = 18 sin (Z - 30°)
- 3 cos (2 - 30 | (41)
Vs 2t 1 C]
— o — H o — —
voc.-\,Rcos(z+30)+R[2s1n(22+30) A
- R [— cos (3Z + 30°) + ;2 cos (Z + 30°)
3./3 . o
+ 75 sin (z + 30°) (42)
and
i
2+~ ~ R sin Z - R® cos22-R3(251n3Z+—7—s1nZ-7—’£cosZ
1o 8 72 72
(43)
where R = ABeeaz and Z = Bz - Wt.
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For three values of amplitude parameter R (= ABeeQZ):
(a) displacement z , (b) excess velocity v , (c) axial electric
field strength Ez,land (d) total electron Eurrent density i

(= io + il), as functions of phase Z (= Pz - wt).
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In Fig. 4, Eqs. 40, 41, 42, and 43 have been plotted versus Z, the
phase, for three values of the amplitude parameter R. Observe that the
abscissa Z in these graphs can be interpreted as the normalized axial
distance Pz if time is kept constant and if R varies negligibly within
a distance of one axial wavelength (this implies 27ma/p << 1).

At the small amplitude R = 0.1, all curves in Fig. 4 are practically
sinusoidal. When R = 0.5, the nonlinearities clearly manifest their pres-
ence and the curves become nonsinusoidal. In the case of R = 0.9, one
can see from Fig. 4 or from Eqs. 40, 41, 42, and 43 that the second and
third order terms are comparable to the first order terms. The third
order theory will not describe the situation very accurately for such
large R. Note, for instance, that the total current density (d of Fig.

4) becomes negative for some values of Z when R = 0.9. This would cor-
respond to a negative electron number density, which is unacceptable.

However, extrapolating (a) of Fig. &4 to even larger R, one would
expect the situation B(Bezl)/az = = ®, which is the electron overtaking
condition, to occur at Z slightly less than 7/2. This is in good agree-
ment with the experimental findings of Cutler (8). Part (c) of Fig. 4
indicates that the Z range where the electric field is decelerating (Ez
positive) narrows when R increases. In this useful Z range, according
to (b) of Fig. 4, most electrons travel slower than the undisturbed elec-
trons; that is, v_ is negative. Observe finally, in (d) of Fig. 4, that
for large R a strong electron bunch is built up somewhat to the left of
the middle of the decelerating range, around Z ~ 7/2.

5. NONLINEARITIES OF THE AMPLITUDE AND THE PHASE
The purpose of this section is to study how the low-level nonline-
arities manifest themselves in the amplitude and phase of the fundamental

frequency waves.

Denoting the fundamental frequency component of E, by E,y, one ob-
tains from Egs. 31 and 33

E

2 _ [1 - Bry(xy,p)]ed (PP (44)
2 BeVOCBR(-y+;j x)?

where
£.(x,y,b) = Gty =2)xy) (45)
. (~y+3x)°[1-(y+b=35x) (y-33%)°]
Similarly, Eqs. 37 and 39 yield
i
1w _ o2 j(wt-Bz)
ioRj = [1 R fi(er7b)]e (46)
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where

+b=33x) (x°+y° 2%
£, (x,y,b) = (T30 3y 2)59) (47)
1-(y+b-35x) (y~35x%)
Since the theory presented here is based on the method of successive
approximations, we must assume szE,i << 1. We can therefore write for

the right-hand sides of Egs. 44 and 46.

RICTE I

(1 - Bt i)ej(“’t'ﬁz) ~ (1 - sy ) E,i (48)
where
e ®
Sg,; = BRe(fp ) (49)
_ 2
®E,i = R Im(fE’i) (50)

Obviously, S, and S; are the lowest order nonlinear amplitude cor-
rections to the electric field and electron current density waves,
respectively, at the fundamental frequency. Similarly @E and @i are the
lowest order nonlinear phase corrections to these waves. Positive S
indicates that the wave amplitude is less than the linearized theory
would predict. Positive ® indicates that the phase is delayed.

Thus we can write
_j®E
- 5
E21(1 SE)e (51)

=
1

_j®i
1o 111(1 - Si)e (52)

where the linearized waves EZl and ill are given by Egs. 31 and 37.

For the electromagnetic power flow Pemw one finds

EEEQ — EE@ “‘1 - ZS
P T |E ~ E

emy AN

where Peml is the electromagnetic power flow associated with the linearized

solution. With SP = ZSE,

P Peml(l - sP) (53)

emd

It is convenient, before we proceed, to express the parameter
R (= ABeeGZ) in terms of physically more meaningful quantities. For
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this purpose we make use of the nonrelativistic kinetic power theorem

(9):

mv . mi0 Bal
Pl«u =7 2e Re(vlllll) =7 %e Re( 1 Bt) (54)

where Pkl is the time average kinetic power flow associated with the linear-

ized waves. [The complete second order expression for the time average
kinetic power flow is Pk = Pkl + Pk , where Pkl is given by Eq. 54 and
2

where P, = = (mi /e)(1/4 v v* + ). The notation v stands
ko o 11 11 1

vV Vv
0o 12dc 2dc
for the d-c part of the velocity expressed by Eq. 35. The term Pkg’

although of the same order as P is associated with the lowest order

kl ’
nonlinear waves (9). In the case treated here, one easily proves by the

use of Eqs. 34 and 35 that P = 0. This is as expected with respect to

the fact that there is no electromagnetic power present that could bal-
ance out a nonzero Pkg']

Now the total linearized power flow, which is the sum of Pkl and the

corresponding electromagnetic power flow Peml’ must vanish for obvious

reasons (see Ref. 5, p. 27). Hence Peml = _Pkl' Denoting the undisturbed

d-c kinetic power flow by PO, one easily obtains by the use of Eqs. 34
and 37 in Eq. 54

P
= = - CyR2 (55)
="

where 1 may be called the efficiency at the distance z. Note that n is
the efficiency corresponding to the linearized theory.

By the use of Eq. 55 in Eqs. 49 and 50 we can now write

g1 o Re(fE,i) (56)
n/c y
% 4 o In(fp ) (57
n/C y

Equations 56 and 57 are plotted in Figs. 5 and 6 respectively. Note
from Fig. 5 that the theory predicts negative S. values for sufficiently
high beam voltages (b > 1). The conclusions are that in this interesting
beam velocity range the gain of a TWT initially increases when the drive
increases, and that when b ~ 1 the gain is independent of the drive within
the accuracy of the third order theory. From the practical standpoint
this means that there exists, according to present theory, an optimum beam
voltage which should be used in situations where a linear relationship is
essential between the input and output powers up to high drive levels,
Because this optimum beam voltage is higher (b = 1) than the voltage
corresponding to maximum gain (b = 0), some gain has to be sacrificed
in order to increase amplitude linearity.
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wave tube for several values of beam/helix voltage.
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Figure 7 shows some experimentmental results obtained with an RCA
4010 traveling-wave tube. The output power was measured as a function
of the input power, with the beam/helix voltage as a parameter. The
experimental results are in good qualitative agreement with the theoreti-
cal predictions. The beam voltage Vo, = 1060V corresponds to maximum
small signal gain. At this voltage, saturation is produced by 5 mw in-
put power. When V, = 1160V, then Sp ~ 0 and the initial phase of the
curve is essentially linear. Gain is lower but the efficiency is higher
than for V, = 1060V. When Vo, = 1240V we clearly have a negative Sp, as
predicted by the theory. At the low voltage VO = 980V we see that Sp is
large and positive, also in good agreement with the theory.

Beam and Blattner (10) have considered nonlinear effects in traveling-
wave tubes in an early paper. Their approach is based on the assumption
that the energy delivered by the beam to the electromagnetic wave can be
interpreted in terms of a continuous decrease of the average electron
velocity vy as the beam travels along. From a linearized theory one
easily calculates the energy lost by the beam. How Vo (that is, b)
varies with distance can then be calculated. Assuming that Eq. 20
remains valid, it is now possible to calculate the continuous change in
the complex propagation constant, that is, the variation of x and y. A
WKB-type phase integral has to be used, of course, to describe the waves.
The results are, in our earlier notations,

S
p_ ., dx/db (58)
n/C 2x

E,i _ l+dy/db (59)
n/c 4x

in which the quantities dx/db and dy/db can be obtained from Fig. 2.

Equation 58 is also plotted in Fig. 5, and Eq. 59 is plotted in
Fig. 6. It is interesting to note that this rather unsophisticated
method gives results the principal features of which are in acceptable
qualitative agreement with our results. Beam and Blattner's method,
which they have used for phase studies, is not entirely correct, but its
physical basis is simple and the approach may be helpful in developing
a physical understanding of the phenomena involved.

Figure 6 shows the phase delay versus b. For sufficiently slow
beam velocities (b < -1.4), the electric field is accelerated rather
than delayed by nonlinear phenomena (@E negative).

The various nonlinear waves (E_, i;, vy, etc.) are described by
different axial wave functions rathér than by one common wave function
as are the linearized waves. Hence the amplitude corrections S are
different for the E_ and il waves, and the corresponding phase delays
® also differ from each other (see Figs. 5 and 6). The method of Beam
and Blattner gives one common wave function also in the nonlinear case.
Consequently the parameters S and ¢ obtained from their theory apply
to all wave quantities involved (Ez, i,, etc.).
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The dashed curve in Fig. 6 was computed by Paschke (11), who, with
some simplifying assumptions, developed a nonlinear successive approxima-
tion theory for the ordinary delay-line-type TWT, a radially finite device.
The curve for QC = 0, taken from Paschke's Fig. 3, describes the phase
delay of the fundamental frequency a-c wave (®;). The qualitative agree-
ment between Paschke's and our results is obviously good. Paschke assumes,
however, without any further discussion, that his ®; is identical to the
phase delay of the signal in the output terminal. But the output signal
is the amplified electromagnetic wave. Its phase delay, as we have shown,
is not the same as that of the electronic a-c wave.

The phase delay at the signal ouput also depends, of course, on the
matching conditions at the output. The plane TWT model cannot be used
realistically for detailed studies of the phenomena at the output (1b).
Nevertheless, with reference to the ¢y curve in Fig. 6, it might be
possible to reduce the nonlinear output phase delay at the expense of
gain if the beam/helix voltage were made less than that corresponding
to maximum gain.

6. THE NONLINEAR SOLUTION, METHOD OF DOMINANT TERMS

This section will show that it is possible to develop a very elegant
method for investigations of the dynamic nonlinearities in the plane TWT.
The method yields the dominant part of all harmonic frequency waves (fre-
quencies n®, n =1, 2, 3, 4 ...) propagating in the system. The integer
n will not be limited to 3 as it was in Sections 4 and 5. 1In addition
the method offers a possibility of dealing with the plane TWT by use of
the theory of the plane klystron tube (12,13).

Very cumbersome calculations would have been involved if we had
tried to develop the successive approximation approach to higher order
than the third. From the procedure used in the treatment of Egs. 25, 26,
and 27, it is easy to see that the dominating term of the frequency &
appears in the first order solution. The higher order solutions contain
smaller terms of the frequency ®. These terms describe saturation and
nonlinear phase shift effects. The dominating term of the frequency 20
appears in the second order solution, the dominating term of the frequency
3w in the third order solution, and so on. We ignore now the saturation
and phase shift terms and attempt to find the dominating terms for all
harmonic frequencies.

We start from the original wave equation (Eq. 10), which is written

- cos” ¢ =0 (60)

2 2 2
( a 1 52 ) d Zl UJp 5 5 Zl
3 2 dt® Ve dt®

Next we assume that z, can be written in the form

2 ~ 5 AneJ'“(‘“’C'VZ) (61)
n=1
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where complex notations have been used for simplicity. The terms in the
series are supposed to be the dominant terms just discussed. Saturation
and phase shift terms are neglected. The quantity y is, as before, a
solution of Eq. 16.

The acceleration can be written in the form

dzz 2
L_y +48 (62)
dt® 1 at?

where the double dot is the linearized second order time derivative,
F/t% + ZVOB/az + vzaz/az . The quantity a° g/dt actually deflned by

Eq. 62, takes care of that part of the acceleratlon which is not included
in the term zl

If the series from Eq. 61 is a solution to Eq. 60, then dzg/dtz must
be of the form

2 .
dg,, § pInlet-yz) (63)
dtz n=gz n

The frequency w does not appear in the series from Eq. 63, since
the term z:L in Eq. 62 naturally contains the dominant term of the fre-

quency w (given by the first order or linearized solution) and the other
terms of frequency w are ignored.

By the use of Eq. 62 in Eq. 60, we obtain

2 3
3z
S _ 1 d° . wb 2 1
(5 2 2 3 2) %. 2 cos™ & 3 2
zZ vph t vph t

2 2
+(82 __13 )d_.&=o (64)

2 2 2
dz vph ot

Now the term A.;Le']((Drt 72) is our 11near1zed solutlon that is, it is
a solution to Eq. 64 with the term containing d® g/dt ignored. With this

in mind one easily proves by using Eq. 61 in the first two terms of Eq.
64 that

w? d?
(52 - 2 az)'z’ - P cos®t zl:(az - 52)

dt® 3z° v3. dt®
ph

V@
ph

E(1-%) )0 - w2 a ot

n=1
n
=(§f___1__§2__)[ F(@- v )z ] (65)
2
38 V2, 3t ot
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[To obtain this result one has to observe that

2
&) 2 2 2
£ cos® é——a S =(a S - )—I'S
v 3t ™ 3z2 VA, 3t/ M
ph ph

where S, = ejn(wt-7z).]

Note that it has been possible to eliminate the term

of Fz
B 22
vph at

Furthermore, Eq. 65 can be used in Eq. 64, which yields, after dropping
the operator 32/0z° - (l/v%h) d/dt2,
2
. d f
z +—— + (© - 7vo)zl =0
1 42

or, with Eq. 62,

d®z
1

— 2 —_—
— + (o= v )Pz =0 (66)

What has now been shown is that the dominant terms at the various
frequencies in the solution to the complicated fourth order equation
(Eq. 60) are identical to those in the solution to the much simpler second
order equation (Eq. 66).

It is interesting to note that both Eq. 60 and Eq. 66 possess the
exact solution

z, = AeJ(uk—yzo)

As was pointed out in Section 2, however, the real and imaginary parts
taken separately are not exact solutions to Eq. 60. As far as Eq. 66 is
concerned, the real and imaginary parts are indeed exact solutions. This
means that a reasonably good nonlinear solution to our problem is

oz
z. = Ae © cos (ot - Bzo)

oz 92
Ae®e  * cos (wt - Bz + le) (67)
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Since Iazll << 1, we can also write

Bezl = R cos (wt - Bzo) (68)
or with ZO = BZO - wt,

Bezl = R cos ZO (69)

Equation 69 is plotted in (a) of Fig. 8 for R = 0.1, R = 0.5, and
R=1.0. If B, ~P and if 2ma/B << 1, it is now easy to plot Bgz; versus
Z (= Bz - wt), the normalized axial distance. This is done in (b) of
Fig. 8. Observe in this connection that Z = Z, + Bz; and that Bz; is
easily obtained from (a) of Fig. 8. One sees that electron overtaking
is just about to occur at Z = /2 when R = 1.0. The dashed curve in (b)
of Fig. 8 is taken from (a) of Fig. 4 for R = 0.5. It is obvious that
the agreement between the results obtained with the successive approxi-
mation method on the one hand and with the dominant term method on the
other is good. The dominant term method is elegant and time saving, but
the price one pays is the neglect of information about phase shift and
saturation. (It should be remarked that Eq. 67 is not yet of the form

of Eq. 61. We will return to this question and compute the dominant
terms in the next section.) -

If we write Eq. 67 in the form

Jj(wt=yz ) i(wt=yz+yz )
z = A Rele © 1 = A Rele ] (70)

we find by the use of Eq. 1 that

<

1 jZ0
;;E =R Re[(x - jy)e “] (71)

In the case b = 0 we now find, with x = ,/3/2 and y = - (1/2), that

<

;ia = R cos (Z_ + 30°) (72)
o

Equation 72 is plotted versus Z in (c) of Fig. 8, and graphs of Eq. 71

are shown in (a) and (b) of Fig. 9. From these curves one can see how

the d-c velocity v, (that is, the parameter b) influences the shape of

the nonlinear a-c velocity vy . Especially in (a) of Fig. 9 one notices

that the faster the beam, the more the velocity wave falls back in phase.

By using Eq. 6, one obtains from Eq. 70

E
z

Jjz
= = R Re[(yx + )% °] (73)
2v B C
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For b = 0 this yields
E

2 — - R sin (Z2_ - 30°) (74)

2V p C° °
o e

Equation 74 is plotted in (d) of Fig. 8, and Eq. 73 in (c) and (d)
of Fig. 9. Observe that the electric field wave moves back in phase
when the d-c velocity (parameter b) increases.

By the use of Eq. 4, one finally obtains from Eq. 70

i +i
o 1 L (75) @

i “ 1-R sin Z
o o

Equation 75 is plotted versus Z in (e) of Fig. 8. As in (d) of Fig. 4,
observe that a strong a-c bunch is built up around Z = 7/2. From (c)

and (d) of Fig. 9 we see that choosing b = 0.8 would center the retarding
a-c field around the bunch. We may therefore expect to obtain good ef-
ficiencies if the d-c beam velocity is given a value somewhat higher than
that corresponding to the maximum small signal gain. The experimental
observations shown in Fig. 7 are in perfect agreement with this prediction.

In Fig. 10, finally, Eq. 72 is plotted for R = 2 and compared with
Cutler's (8) measurement of the a—c velocity in an experimental TWT. In
the situation shown, the drive is about 6 dB above overtaking and our
theory is no longer valid. Nevertheless, the general shape of the two
curves is essentially the same. It is beyond the scope of the present
report to attempt to extrapolate the theory to the range beyond over-
taking. Note, however, that overtaking occurs about 14 dB (6 dB + 8 dB)
below saturation, leaving a large and important drive range untouched by
analytical theories.

2 S
%wC /

& Cutler's experimert
b=026 C=0/
o QC=006 for =04

//// 8dB below saturatioh

> /
a3 -n en/3 -nf3 ——o0— nf3 2n/3 n an/3

FIG. 10. The a-c velocity versus phase, a comparison of Cutler's
experiment and our Eq. 72 in the range beyond overtaking.
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7. CALCULATION OF THE DOMINANT TERMS

In Section 6 we reduced the exact fourth order wave equation (Eq.
60) to an approximate second order wave equation (Eq. 66). The exact
solution (Eq. 67) of the latter was then studied in detail. This solu~
tion made it possible to give simple expressions for the various wave
quantities of interest. The purpose of the present section is to ex-
tract the dominant terms. The exact solution is more convenient to
handle than the series of dominant terms in order to obtain an over—all
physical picture of the nonlinear phenomena, but it is nothing more than
a reasonably good approximation to the series of dominant terms. These
will now be computed,

Use will be made of the theory elsewhere developed for the plane
klystron tube (12). The exact wave equation of the plane klystron tube
is

+ wpz =0 (76)

If the undisturbed beam is modulated at the plane z = 0 in an ideal
klystron gap producing an a-c velocity vf cos Wt, the proper exact solu-
tion is
L
OBp sin szo cos (wt - Bezo) 77)

Bz =

e 1 v

1f pr21| << 7/2, Eq. 77 can be written in the approximate form

v, B
% Von sin sz cos (Wt - Bez + Bezl) , (78)

Equation 68, on the other hand, can be written

Bez1 ~ R cos (Wt - Bz + Bezl) (79)

Table 'l compares the corresponding equations concerned with the
plane T™WT (approximate) and with the plane klystron (exact). Equations
80 and 81 in the table are valid for both the TWT and the klystron,
provided the proper expressions (given in the table) are used for R and
T.

The series expansion for B,z (Eq. 80) is obtained by applying Fourier
series to the formally identical Egqs. 78 and 79, The inversion procedure
is given in detail in Ref. 12, Eqs. 37 through 45, and will not be re-
peated here.

It should be pointed out that the formula
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TABLE 1. Comparison of Equations for Plane TWT and Plane Klystron

Plane TWT Plane Klystron :
dzzl d:azl 2
+((D-'yvo)2z=0 + oz =0
dt * (66) | dt® P (76)
oz v, B
R=ABee T = Wt - Bz R=vB SIanz T=wt-Bez
op
Bz ~Rcos (T+ B z) Bz ~Rcos (T+8 z)
el el (79) e 1 e’1 (78)
© 2 . ik
Bezl ~ L o Jn(nR) sin [n(T + 2)]
n=1
~ R " sin [n(r + D]
~ T sin Ln >
n=1
1 =2 . 3
=RcosT--§-R 31n2T—-§R3cos3T
1 125
+ 3 R* sin 4T 4+ &= 384 cos 5T - ... (80)
}i = B(Bezl) ~ T Q_R_)_n (.]_-)n—l [a(T + Y]
i o ot n! 2 cos Lo 2
(o] n=1
= - R sin T - R® cos 2T+%R:3 sin 3T
4 625 .
+ 3 R* cos 4T 384 R sin 5T ... (81)
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which is valid when R® << 1, has been used in Eq. 80. Furthermore, a
simple convergence test immediately gives the result that the series

@
Z

Rn (E) n-1.
n-=1

n! 2

is convergent when R < 2/e. This, of course, does not tell us very much
about the precise range of validity of Eq. 80, since the phase shift and
saturation terms have been ignored anyway.

If we introduce the notation Z (= fz - wt = -T) into Eq. 80, we ob-
tain
1 2 . 3 .3 ‘I'

Bz =Rcos Z+ % R° sin 2Z - 5 R™ cos 3T
e 1 2 8

1 4 . 125 s

- = v c 8
3 R* sin 47 + 384 R™ cos 5T (82)

The reader should now compare Eq. 82 with Egq. 40 and identify the three
dominant terms that are common to these equations. Equation 40, which
is limited to the third order, contains the three lowest dominant terms
and the significant phase shift and saturation terms up to the third
order. There is also a second order d-c term in Eq. 40. Equation 80
gives the dominant terms of all orders, but misses the phase shift and
saturation terms completely.

From Eq. 81 and Fig. 12 one concludes that unless R << 1, the am-
plitudes of the harmonic frequency waves are large. This is expected,
of course, on account of the development of the strong and narrow elec-
tron current bunch around the phase Z = 7/2 when R is large enough. At
the same time, the coupling between the electron beam and the slow wave
medium is strong, for natural reasons, even at harmonic frequencies. 1In
a real traveling-wave tube one should expect a much less pronounced gen-
eration of harmonic frequencies, owing to weak coupling.

8. CONCLUDING REMARKS

This report is concerned with a purely analytical nonlinear theor.
for a plane traveling-wave tube (TWT) model. The model, described in
Section 1, consists of an infinitely wide confined single-velocity elec—
tron plasma stream of zero temperature, which interpenetrates an aniso-
tropically conducting homogeneous medium. In the absence of the electron
stream, the medium supports plane electromagnetic slow TM (transverse
magnetic) waves, and thus plays the same role as the slow wave structure
in a real TWT. A plane model was chosen to avoid the theoretical com-—
plications associated with the radial boundary conditions. This means,
of course, that the present theory does not describe TWT effects caused
by the radial finiteness of the beam or the slow wave structure. But

the model allows one to study, in the simplest conceivable manner, the
basic physical effects associated with the TWT amplification mechanism
itself.
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In Section 2 the exact nonlinear wave equation (Eq. 10) for the
plane TWT is derived by the use of Maxwell's equations. It is assumed
that the electron velocity is a one-valued function of distance; that
is, electron overtaking is not allowed. This restriction considerably
simplifies the analysis, but it limits the theory to drive levels well
below saturation.

The results of a linearized theory of the plane TWT are briefly
discussed in Section 3. For a detailed linear analysis of the device,
the reader is referred to Refs. la and 1b. 1In Section 4 the method of
successive approximations is applied to obtain a nonlinear third order
solution. Some of the results are demonstrated in Fig. 4, which shows
how the sinusoidal form of the various wave quantities is distorted by
nonlinear processes when the wave amplitudes become large.

The nonlinear effects appearing in the amplitude and phase of the
fundamental frequency wave are studied in Section 5 (Figs. 5 and 6). A
number of new and rather interesting results are derived and discussed.
Some of these have been checked experimentally by the use of a commercial
TWT. The qualitative agreement between the theory and the experiments
is good (Fig. 7).

Sections 6 and 7 are concerned with another method of dealing with
the nonlinear fourth order wave equation (Eq. 10), the method of dominant
terms. This method ignores some of the important nonlinear effects (satu-
ration, phase shift), but it leads quickly and elegantly to simple
implicit expressions for the wave quantities. Figure 8, depicting these
expressions, shows that the agreement between the two methods (successive
approximations and dominant terms) is close. 1In Section 7 the dominant-
term-type approximate theory for the plane TWT is shown to be formally
identical to the exact theory of the plane klystron tube, which is treated
in Ref. 12. By the use of the plane klystron theory the dominant terms
(the leading terms at each harmonic frequency n®, n = 1, 2, 3, ... ®) are
computed for the plane TWT.
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